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Summary 

Ionizing radiation is used for radiotherapeutic and diagnostic purposes, which can 

expose the heart and blood vessels, potentially causing cardiovascular diseases 

(CVDs). However, dose-dependency and associated molecular mechanisms are still 

elusive. Our work focused on endothelial cells based on previous information 

suggesting that ionizing radiation could promote atherosclerosis. We report that a 

single X-ray dose induces a time- and dose-dependent pro-atherosclerotic 

phenotype, linked with changes in cell cycle progression and induction of 

inflammation and senescence. By comparing responses to X-rays and Fe ion, 

radiation impact was found to be dependent on radiation quality, with a more 

pronounced and longer lasting response to Fe ions. Altogether, our data provide 

new molecular information on the causes of radiation-induced CVD and a basis on 

which to build new knowledge in order to ameliorate the current radiation 

protection system. 

Résumé 

Les radiations ionisantes sont utilisées à des fins diagnostiques et thérapeutiques, 

ce qui peut exposer le cœur et les vaisseaux sanguins, favorisant les maladies 

cardiovasculaires (CMVs). Or, la dépendance de dose et les mécanismes 

moléculaires de ces effets sont peu connus. Notre travail s’est intéressé aux cellules 

endothéliales sur base d’informations suggérant que les radiations ionisantes 

favorisent l’athérosclérose. Nous rapportons qu’une dose unique de rayons X induit 

un phénotype pro-arthérosclérotique dépendant du temps et de la dose, associé à 

des changements du cycle cellulaire et à l’induction d’inflammation et de 

sénescence. La comparaison des réponses aux rayons X et aux ions Fe montre que 

la qualité des rayons importe, avec des effets plus prononcés et plus longs pour les 

ions Fe. Nos résultats fournissent donc de nouvelles informations moléculaires 

relatives aux causes des CMVs radio-induites et une base de travail pour 

l’amélioration du système de radioprotection actuel. 
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Samenvatting 

Ioniserende straling wordt gebruikt voor radiotherapeutische en diagnostische 

doeleinden die hart en bloedvaten kunnen blootstellen en zo mogelijks hart- en 

vaatziekten (HVZ) veroorzaken. Kennis inzake dosisafhankelijkheid en betrokken 

moleculaire mechanismen is echter minimaal. Ons werk richtte zich op endotheel 

cellen op basis van voorgaande info die suggereerde dat ioniserende straling 

atherosclerose bevordert. We melden dat één röntgendosis een tijd- en 

dosisafhankelijk pro-atherosclerotisch fenotype induceert, gekoppeld aan 

veranderingen in celcyclus en inductie van ontsteking en senescentie. Tijdens het 

vergelijken van reacties op röntgenstralen en Fe ionen bleek dat de stralingsimpact 

afhankelijk was van stralingskwaliteit, met een meer uitgesproken en langdurigere 

respons op Fe ionen. Onze bevindingen leveren dusdanig nieuwe moleculaire 

informatie op over de oorzaken van stralingsgeïnduceerde HVZ en kunnen dienen 

als basis om nieuwe kennis op te bouwen om het huidige 

stralingsbeschermingssysteem te verbeteren. 
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Introduction Chapter 1. Basic concepts of ionizing radiation 

1.1. What is ionizing radiation? 

From natural to man-made sources, life on earth is exposed on a daily basis to 

ionizing radiation. Defined as a type of energy released by atoms that travels in the 

form of electromagnetic waves or particles, this energy can eject tightly bound 

electrons from the orbit of an atom, causing the atom to become ionized (1). 

Ionizing radiation can have natural and man-made sources. In nature, one can 

distinguish 3 main types of ionizing radiation: alpha (α), beta (β) and gamma (γ) 

radiation. They are all produced by naturally occurring substances with unstable 

nuclei (e.g. cobalt-60 and cesium-137) that spontaneously undergo radioactive 

decay. During the decay process, energy is lost via emission of ionizing radiation in 

the form of electromagnetic γ-rays and/or charged particles (e.g. α- and β-particles) 

(2). One of the most common man-made forms of ionizing radiation is X-ray 

radiation. X-rays are in most aspects identical to γ-rays, but differ in origin. While γ-

rays are derived from the natural decay of a radioactive elements, X-rays are 

produced artificially in X-ray generators by directing a stream of high speed 

electrons at a target material such as gold or tungsten (3). When electrons interact 

with atomic particles of the target, X-radiation is produced (1). In addition to the 

most common forms listed above, there are many other forms of ionizing radiation 

of human or natural origin. Examples are neutrons, accelerated ions and fission 

fragments (4, 5). These less common forms can have different biological effects, as 

discussed below, which can be exploited in radiotherapy (6). 

1.2. Radiation metrics 

1.2.1. Measuring and assessing radiation exposure: doses and units 

Radiation is universally present and play many roles integral to the existence of life. 

Indeed, life may never have emerged on Earth if not for the influence of radiation 

(7). However, radiation can and have been demonstrated to be dangerous to 

biological systems. In order to assess the impact of ionizing radiation on health and 

to set radioprotective guidelines, units to measure dose and its biological effects 

are required.  

The international System of Units (SI) unit of radioactivity is the Becquerel (Bq). One 

Bq is defined as the occurrence of 1 nuclear disintegration per second within a 
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radioactive source. This unit is not used when studying biological effects because it 

does not take into account the amount of energy that is deposited in living matter 

(e.g. human body) and that could possibly cause damage (8). 

The absorbed dose is defined as the amount of energy, originating from any type of 

ionizing radiation and any irradiation geometry that is absorbed per unit mass of 

material. The international SI unit for absorbed dose is the Gray (Gy). One Gy 

represents the absorption of 1 Joule of energy in 1 kilogram of mass (1 J/kg), and 

provides enough energy to raise the temperature of a kilogram of water by 0.00024 

°C. This definition is pure physics, as it does not consider the quality of the ionizing 

radiation type and the extent of biological damage it inflicts to certain tissues 

and/or organs. As a result, the terms equivalent dose and effective dose have been 

introduced (8).  

The equivalent dose takes into account the ability of a particular kind of ionizing 

radiation to cause damage. It is obtained by multiplying the absorbed dose (Gy) 

with a radiation-weighting factor (wR), and is defined largely on the basis of the 

relative biological effectiveness (RBE; see below) of the different radiation types 

(Table 1). The international SI unit for equivalent dose is the Sievert (Sv) (8). 

Table 1. Recommended radiation weighting factors* 

Radiation type  wR 

Photons  1 
Electrons and muons  1 
Protons and charged ions  2 
α particles, fission 
fragments, heavy ions 

20 

Neutrons A continuous function 
of neutron energy 

*All values relate to the radiation incident on the body or, for 
internal radiation sources, emitted from the incorporated 
radionuclide(s) (8). 

 

The effective dose is defined as the weighted sum of all tissue and organ equivalent 

doses multiplied by their respective tissue-weighting factor (wT). It expresses the 

biological effect that a certain type of ionizing radiation has on the human body. wT 

values (Table 2) have been defined to represent the contributions of individual 



21 

organs and tissues to overall radiation effects on the human body. Similar to the 

equivalent dose, the effective dose has sievert (Sv) as international SI unit. Care 

should be taken with wT values because they constitute an average over both 

genders and adult ages to reflect the radiation burden to an average human adult 

(8, 9). Examples of effective doses associated with different sources of ionizing 

radiation are presented in Table 3. 

Table 2 Recommended tissue weighting factors 

Tissue wT ∑ 𝒘𝑻 

Bone-marrow (red), colon, 
lung, stomach, breast, 
remainder tissues* 

0.12 0.72 

Gonads 0.08 0.08 
Bladder, esophagus, liver, 
thyroid 

0.04 0.16 

Bone surface, brain, salivary 
glands, skin  

0.01 0.04 

 Total 1.00 

*Remainder tissues include adrenals, extra-thoracic 
region, gallbladder, heart, kidneys, lymphatic nodes, 
muscles, oral mucosa, pancreas, prostate, small 
intestine, spleen, thymus, uterus/cervix (8). 

 

Table 3: Representative effective doses associated 
with different sources of ionizing radiation 

Source Effective dose (mSv)* 

Dental X-ray 0.005 
Radiography chest 0.1 
One return flight New-York-London 0.1 
Radiography abdomen 1.2 
Computed tomography (CT) of head 2 
Natural background (per year) 2.4 
Mammography 3 
CT of chest 7 
CT of abdomen 6-10 
CT of pelvis 8-10 
Coronary CT angiography 12 
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Myocardial perfusion study 10-29 
Myocardial viability study 14-41 
Annual occupational dose limit 20 
Radiotherapy (delivered in fractions) 40 000 – 70 000 

*Doses are whole-body doses, except those of medical exposure, which 
are delivered to a specific organ. CT: computed tomography. Sv: Sievert. 
(10-15). 

 

1.2.2. Actions of radiation on matter: linear energy transfer and relative biological 

effectiveness 

Contemporary radiotherapy usually uses conventional X-rays with high energies (4-

25 megavolts). However, hadron therapy is gaining momentum in the field of 

radiotherapy. In this technique, accelerated charged particles are used, such as 

protons and carbon ions (16). These particles may have a greater biological effect 

per unit dose than conventional X- and γ-rays, depending on the amount and 

location of the ionizations they cause. To distinguish between more damaging and 

less damaging radiation types, the terms linear energy transfer (LET) and RBE have 

been defined (17).  

LET is defined as the average energy (in keV) that is lost by an ionizing particle when 

travelling across a unit length of its trajectory in matter (µm). As such, it describes 

the density of ionization in a particle track. Electromagnetic X- and γ-rays deposit 

much of their energy as single isolated ionization and excitation and are, hence, low 

LET radiation types. For example, approximately 1,000 sparse tracks are produced 

per Gy of absorbed γ-radiation dose (17) (Figure 1). Ionizing particles, such as α-

particles, produce fewer tracks, but intense ionization within each track leads to 

more severe damage. Hence, they belong to the high LET radiation type. Per Gy of 

absorbed α-radiation dose, approximately 4 intense ionizing tracks are produced 

(17). 
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Figure 1. Structure of particle tracks for low-linear energy transfer (LET) radiation (left) 
and high LET α particles (right). Circles indicate the typical size of mammalian cell nuclei 
(17). 

 

LET values are directly proportional to induced cell killing and, thus, to biological 

effectiveness. When measuring the biological effectiveness of certain radiation 

types, one can quantify their RBE values. RBE is defined as the ratio of the reference 

absorbed dose of low LET radiation of a standard (X-rays with a LET of 3.5 keV/µm) 

and the absorbed dose of the radiation type under focus that causes the same 

amount of biological damage (18). Hence, the higher the RBE value for a given type 

of radiation, the more damaging this type of radiation is per unit of energy 

deposited in biological tissues. RBE values are not constant but depend on the 

biological endpoint, the dose level and LET values (17). In practice, RBE values are 

represented as regulatory wR values, which are consensus values adopted by 

radiation experts (8). 

This PhD thesis focuses on cardiovascular effects related to either low LET X-ray 

radiation (Results Chapter 1) or high LET Fe ion radiation (Results Chapter 2). So far, 

radiation-induced CVD is assumed to be deterministic in nature, so the amount of 

energy should be expressed in terms of the absorbed dose (Gy) (19). According to 

the current consensus, the term “low dose” is defined as a dose of 100 mGy or less 

throughout this thesis (8, 20). 

1.3. Cancer radiotherapy 

1.3.1. Radiation treatment is a key player in cancer treatment 

Cancer is a growing problem in aging Western populations. Almost 1 out of 3 people 

in the Western world will indeed be confronted with a cancer diagnosis. Cancer is 

also currently the second main cause of death in industrialized countries (21). 
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Several treatment options are available, among which surgery, radiotherapy and 

chemotherapy are most often used (22). The choice of treatment depends on 

tumor type, local size of the tumor, the presence of metastasis and general patient 

characteristics (23). During cancer treatment, half of all patients undergo 

radiotherapy (22), a treatment option that cures approximately 2 out of 5 cancer 

patients (24). The majority of patients are treated with external beam radiation 

therapy, in which a radiation source external to the patient generates X-rays that 

are directed towards the tumor. A more advanced but less used form of external 

radiotherapy is particle therapy, which uses beams of accelerated charged heavy 

particles (such as protons and carbon ions) (16). This type of beams demonstrates 

improved depth dose characteristics in comparison with low LET radiotherapy (6). 

In this way, tumors can be irradiated with great precision, minimizing the dose to 

surrounding healthy tissues. Charged particle beams also induce more damage per 

unit of dose, i.e., demonstrate a higher RBE compared to conventional low LET X-

ray radiotherapy (25, 26). In the context of particle therapy, only protons and 

carbon ions are used, as they demonstrate biophysical and biological superiority to 

other charged particles (6, 27). Nevertheless, other charged particles, such as Fe 

ions, are of concern to space radioprotection as the radiation spectrum of galactic 

cosmic radiation consists of heavy charged particles, from protons to iron ions (28). 

Irrespective of the radiation modality used, the ultimate goal of radiotherapy is to 

deliver a high dose of ionizing radiation to the tumor volume while minimizing the 

dose to surrounding healthy tissues (29). 

A central dogma that stood for many years of radiation biology is that interaction 

of ionizing radiation with the cell nucleus is responsible for its genotoxic effects 

(30). Fueling this dogma were experiments in the 1970s that showed that 

significantly higher radiation doses are needed to kill cells when radiation is 

targeted selectively to the cytosol in comparison to nucleus (31). In recent years, 

however, this view has evolved, and while the interaction of ionizing radiation with 

nucleic acids is certainly critical, studies are looking into other radiation response 

pathways induced by radiation damage to e.g. lipids and proteins (30). When 

ionizing radiation interacts with biological matter, it can cause damage by 

interacting directly or indirectly with cellular biomolecules like DNA, proteins or 

lipids (Figure 2). Cellular damage may then lead to oxidative stress, further DNA 

damage, cell cycle problems and even cell death, thereby eradicating tumor cells 

(17). However, not only the tumor but also nonmalignant surrounding tissues 
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receive a significant radiation dose, which accounts for radiation side effects (32). 

To enhance the toxicity of radiotherapy for cancer cells and to reduce acute toxic 

effects on healthy cells, the total therapeutic dose is most often fractionated: it is 

administered in repeated small fractions over a larger time span. The rationale of 

fractionation is explained by the 4 R’s of modern radiotherapy: repair, 

redistribution, reoxygenation and repopulation (33). Repair mechanisms in 

cancerous cells are believed to be slower than in normal cells (34). Therefore, with 

fractionated radiotherapy, all cells can be damaged but irradiation preferentially 

decreases the number of cancerous cells in the body. Cellular radiosensitivity is 

dependent on the cell cycle phase: cells in mitosis or late G2 phase are most 

sensitive, whereas cells in the late S are most resistant (35). Right after cells are 

exposed to a single large dose of radiation, a significant percentage of the surviving 

population is in resistant phases of the cell cycle. Thus, when a second dose is given 

shortly thereafter, it is less effective in killin cells. However, fractionation can target 

previously resistant cells as radiation doses are timed apart and cells can 

redistribute through the cell cycle (36). As stated in the oxygen fixation theory, 

macromolecular damage induced by ionizing radiation is fixed when oxygen is 

present and may be easily repaired when oxygen leves are below 10 mm Hg. , i.e., 

hypoxia (37, 38). Many tumors contain a mixture of oxygenated and hypoxic cells 

and further demonstrate dynamic hypoxia as different regions of the tumor 

intermittently become hypoxic or reoxygenated(35). If the interval between two 

radiation doses is long enough, reoxygenation of the more resistant hypoxic regions 

takes place due to reduced oxygen demand from dying tumor cells, making them 

more sensitive to radiotherapy (39). Repopulation refers to the rapid proliferation 

of both surviving tumor cells and normal cells after radiation-induced cell killing 

(40). When the total treatment time increases, cells have the ability to repopulate 

the tissue. Single high doses induce more cell killing, but also more acute toxicity to 

normal tissues. Hence, a trade-off must always be found between tumor cell killing 

and levels of acute toxicity, allowing the patient to complete the radiotherapy 

program (41). As such, effective suppression of tumor cell repopulation is a key for 

the success of radiotherapy (42). The 4 most important biological effects of ionizing 

radiation exposure, common to all human cells, are discussed below.  
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Figure 2. Direct and indirect mechanisms of radiation-induced DNA damage. A. Ionizing 
radiation can directly damage a biomolecule by ionizing it or breaking its bonds. B. Ionizing 
radiation can induce water radiolysis, creating an H2O+ ion which reacts with H2O to form a 
hydroxyl radical. The formed radicals can in turn react with the biomolecule, causing 
damage indirectly (43). 

 
1.3.2. Oxidative stress 

Upon exposure to ionizing radiation, a cell undergoes a stress response within less 

than a microsecond from the hit. This response is initiated by the biological damage 

caused by the disruption of atomic structures in a direct and indirect manner (figure 

2). The first mode of action represents the direct interaction of radiation with atoms 

within DNA, lipids, proteins and other cellular components. Direct radiation 

damage to biomolecules leads to rupture of S-H, O-H, N-H and C-H covalent bonds 

in backbones and side groups. The formed charged residues are neutralized by the 

reaction with free radicals and small ions or by reaction with charged groups on 

same or nearby molecules (44). As a result, cellular damage entails damage to 

nucleic bases and riboses of the DNA, lipid peroxidation and protein oxidation (30). 

However, because the largest part of a cell volume is composed of water (± 80%), 

this mode of action is less likely to occur upon contact with ionizing radiation. As a 

consequence, the most probable way by which ionizing radiation interacts with 

cellular components is indirectly, after ionization of water molecules. When 

radiation interacts with water in a cell, water bonds are broken and free radicals 

are produced in the process of water radiolysis (Figure 3). The radiolytic events 

typically take place in 3 main stages, all on different time scales: (1) physical stage, 

(2) physico-chemical stage and (3) chemical stage. In the physical stage, reached 

about 10-16 s after initial matter-ionizing radiation interaction, deposited energy 

leads to the formation of excited water molecules (H2O*) and ionized radical water 
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molecules (H2O+) with the production of sub-excitation electrons (e−). The 3 initially 

formed species then react with each other and other molecules at the vicinity of 

their site of formation during the physico-chemical stage (10-15 - 10-12 s). Examples 

of these processes are ion-molecule reactions (H2O++H2O → H3O++HO∙), dissociative 

relaxation (H2O*→HO∙+H∙) and solvation of electrons (e− → e−
aq). At 10−12 - 10−6 s 

after the initial interaction, during the chemical stage, formed species diffuse 

randomly away from their initial position, where they react with each other and 

with surrounding molecules (45).  

 

 

Figure 3.Main reactions occurring during the three stages of water radiolysis. A. During 

the physical stage (after 10-16 s) interaction of ionizing radiation and water leads to the 

formation of excited water molecules (H2O*) and ionized radical water molecules (H2O+) 

with the production of sub-excitation electrons (e−). B. During the physico-chemical stage 

(10-15 - 10-12 s) the 3 initially formed species react with each other and other molecules at 

the vicinity of their site of formation C. At the chemical stage (10−12 - 10−6 s), formed species 

diffuse randomly away from their initial position, where they react with each other and with 

surrounding molecules (45). 
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The most abundant type of reactive oxygen specied (ROS) formed in a cell after 

exposure to ionizing radiation is the hydroxyl radical (OH) (45). With a half-life of 1 

ns (46), this short-lived molecule is highly reactive and needs electron pairing for 

stabilization, enabling harmful oxidizing reactions with cellular components (Figure 

4) (47). In addition to OH, hydrogen peroxide (H2O2) and superoxide anion (O2
-) 

are produced to a lesser extent as secondary ROS products (48). O2
- has a short 

half-life of 1 µs (46) and needs electron pairing for its stabilization. In contrast, cell 

membrane-permeable H2O2 is less reactive, with a half-life of 1 ms (49) as it does 

not readily oxidize biological molecules (50). The biological hazard of H2O2 largely 

arises from its conversion to OH by interaction with a range of transition metal 

ions, during so-called Fenton reactions, of which iron is probably the most 

important in vivo (51). In addition to ROS, reactive nitrogen species (RNS) are 

produced and contribute to radiation damage. For example, highly reactive 

peroxynitrite anions (ONOO-) are generated from the reaction of O2
- with nitric 

oxide (NO) produced by nitric oxide synthases (52). Collectively, ROS and RNS can 

cause lipid peroxidation, protein oxidation, oxidative alterations to both genomic 

and mitochondrial DNA and can inactivate enzymes (47). However, cellular injury 

only occurs when ROS and/or RNS levels saturate enzymatic and non-enzymatic 

antioxidant defense systems in cells. This state is known as oxidative stress (53). 

Paradoxically, at lower, physiological levels, ROS and RNS are known to be 

important signaling molecules that ensure the integrity and fitness of living 

organisms (54, 55). Best characterized intracellular sources of endogenous ROS are 

the electron transport chain in mitochondria and NADPH oxidase family members. 

Other know sources of ROS are xanthine oxidase, nitric oxide synthase, 

cyclooxygenases, cytochrome P450 and lipoxygenases (56). As examples of 

signaling roles of RNS and ROS, NO plays an important role in blood pressure control 

(described in Introduction Chapter 3) and hydrogen peroxide is involved in 

microbial killing, since it is used to generate hypochlorous acid inside macrophages 

and neutrophils (57). Still, ionizing radiation-induced ROS differ from endogenously 

produced ROS in their concentration, micro-distribution and timing. In particular, 

irradiation instantaneously induces clustered radical production and clustered 

damage. Moreover, it mainly generates OH, whereas endogenous ROS sources 

such as mitochondria chronically produces superoxide anions and H2O2 as single 

molecules (47).  
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Figure 4. Direct and indirect cellular effects of ionizing radiation on macromolecules. 
Absorption of ionizing radiation by living cells disrupts atomic structures, producing 
chemical and biological changes, directly or indirectly through water radiolysis and 
generation of reactive chemical species by stimulation of oxidases and nitric oxide 
synthases. Ionizing radiation may also disrupt mitochondrial functions, thereby significantly 
contributing to persistent alterations of lipids, proteins, nuclear DNA (nDNA) and 
mitochondrial DNA (mtDNA) (47). 

 

Regulation of the cellular redox state is vital for cellular viability, activation, 

proliferation and function. Cells have developed antioxidant systems that include 

enzymatic and nonenzymatic antioxidants that can effectively block the harmful 

effects of ROS by removing free radical intermediates, thereby inhibiting oxidation 

reactions. In mammalian cells, the enzymatic defense system consists mainly of 

superoxide dismutases (SOD), catalase (CAT), glutathione peroxidase (GPx) and 

glutathione reductase (GSR) (58). SODs catalyze the dismutation reaction of O2
- to 

H2O2 (Figure 5a) and is the body primary antioxidant defense mechanism since it 

further prevents free radical production. Three SOD isoforms exist, differing in their 

metal ion cofactor and cellular location. SOD1 or manganese (Mn) SOD is found in 

the mitochondrion, SOD2 or copper-zinc (Cu/Zn) SOD is present in the cytosol and 

SOD3 or extracellular copper-zinc (Cu/Zn) SOD is present in extracellular fluids such 

as plasma, lymph and synovial fluid (59). Both CAT and GPx catalyze the 

decomposition of H2O2 to water, but they differ in reaction mechanisms. CAT acts 
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on H2O2 by a porphyrin heme at its active site (Figure 5b), whereas GPx has 

selenocysteine residues at its active site and requires glutathione (GSH) as a 

cofactor (Figure 5c). During the reduction of H2O2 to water by GPx, glutathione is 

oxidized to glutathione disulfide (GSSG). In order to regenerate GSH, GSSG is 

reduced by glutathione reductase (GSR) with use of NADPH (Figure 5d) (60). 

Another essential antioxidant system is that of thioredoxin (Trx), in which reduced 

Trx catalyzes the reduction of oxidized cysteines or disulfides of many oxidized 

proteins, and directly quenches O2
- and scavenges OH (Figure 5e) (61). Resulting 

oxidized Trx is reduced to Trx by thioredoxin reductase (TrxR) in combination with 

NADPH (62). However, Trx performs most of its antioxidant functions through 

peroxiredoxins (Prx), also called thioredoxin peroxidases (Figure 5e) (63). Prx uses 

cysteine residues as reducing equivalents to directly reduce peroxides, such as H2O2 

and alkyl hydroperoxides (64). The oxidized form of Prx can then be reduced by 

reacting with Trx (65, 66). 

 

(𝐚)    𝟐𝐎𝟐
∙− + 𝟐𝐇+  →  𝐇𝟐𝐎𝟐 +  𝐎𝟐  

(𝐛)    𝟐𝐇𝟐𝐎𝟐  →  𝟐𝐇𝟐𝐎 + 𝐎𝟐  

(𝐜)    𝐇𝟐𝐎𝟐 + 𝟐𝐆𝐒𝐇 →  𝐆𝐒𝐒𝐆 +  𝟐𝐇𝟐𝐎 

(𝐝)    𝐆𝐒𝐒𝐆 + 𝐍𝐀𝐃𝐏𝐇 +  𝐇+  →  𝟐𝐆𝐒𝐇 +  𝐍𝐀𝐃𝐏+

 

Figure 5. Reaction mechanisms of the main enzymatic radical scavengers: Superoxide 
dismutase (a), catalase (b), glutathione peroxidase (c), glutathione reductase (d) and 
peroxiredoxin/thioredoxin (e) (67). 
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In addition to the above-mentioned enzymatic systems, a range of low-molecular-

weight nonenzymatic antioxidants play a role in redox regulation. One of the most 

important nonenzymatic cellular antioxidants is water-soluble GSH, present in 

millimolar concentrations in the cytosol and other aqueous phases. While GSH is 

used as a cofactor by GPx, as mentioned above, it can also directly react with free 

radicals, especially OH, by donating a hydrogen atom from its thiol group (60, 68, 

69). Other compounds include ascorbic acid (vitamin C) (70, 71), α-tocopherol 

(vitamin E) (72), melatonin (73), polyphenols such as carotenoids and flavonoids 

(74), uric acid (75), bilirubin (76) and serum albumin and hemoglobin (77). In 

general, water-soluble antioxidants (e.g. ascorbic acid) react with oxidants in the 

cytosol and blood plasma, whereas lipid-soluble antioxidants (e.g. α-tocopherol) 

protect cell membranes from lipid peroxidation (78).  

In contrast to the well-studied ROS removal systems, the mechanisms that protect 

mammalian cells from harmful RNS effects remain to be clarified. Nonenzymatic 

protection may be provided by the compounds listed above, such as GSH, uric acid, 

β-carotene and vitamins C and E, as well as by the elimination of NO by its rapid 

reaction with hemoglobin in the blood (79). Potential enzymatic defense systems 

able to remove RNS consist of thioredoxin (80), GPxs (81), SODs (directly or by 

removal of O2
-) (82) and γ-glutamyl transpeptidase (83). 

1.3.3. DNA damage and repair  

Ionizing radiation directly or indirectly induces a wide range of DNA lesions in a cell. 

Examples of such lesions are base damage (depurination, depyrimidation and base 

oxidation), destruction of the sugar phosphate backbone, DNA crosslinks and DNA 

breaks (single-strand breaks [SSBs] or double-strand breaks [DSBs]) (Figure 6). DNA 

damage is considered to be the most harmful effect of radiation exposure on cells 

(84). In particular, DSBs, if not repaired properly, are the most cytotoxic type of 

DNA damage because they can cause mutations, gross chromosomal aberrations, 

cell death, and can be responsible for the onset of diseases associated with genomic 

instability like cancer (84). Occurrence of DNA damage is, however, not specific for 

radiation exposure; it frequently arises from endogenous sources (such as 

spontaneous deamination of cytosine (85) and superoxide produced by the 

electron transport chain as a side-product of cellular metabolism (86)) and 

exposure to other genotoxic agents, such as UV light and cisplatin (85). To handle 
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damage, cells have evolved a signaling network, the DNA damage response (DDR), 

that responds to certain kinds of DNA damage in order to either repair it or trigger 

apoptosis. DDR is composed of different pathways that repair all kinds of DNA 

damage, such as nucleotide modifications, DNA crosslinks and SSBs (87). These 

lesions can be repaired quite quickly (88). DDR comprises (i) sensor proteins that 

recognize abnormally structured DNA and initiate the signaling cascade, (ii) 

transducer proteins that transmit and intensify the signal and (iii) effector proteins 

that carry out crucial functions for repair (Figure 7). Of the various forms of damage 

induced by ionizing radiation, DSBs are considered to be the main cytotoxic lesions, 

since inaccurate repair or lack of repair of DSB can lead to mutations or cell death 

(89). Furthermore, experimental evidence exists for a causal link between the DSB 

generation and induction of mutations and chromosomal translocations with 

tumorigenic potential (90-92). Hence, in this section, only the DDR following DSBs 

will be discussed  

 

Figure 6. Radiation damage to DNA. Direct or indirect interaction of DNA with ionizing 
radiation induces the formation of different DNA adducts, comprising base loss, base 
change, crosslinks, single-strand breaks and double-strand breaks (93).  
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Figure 7. General organization of double-strand break response. The presence of a DSB is 
recognized by a DNA damage sensor, which transmits the signal to a series of downstream 
effector molecules through a transduction cascade of DNA damage mediators, to activate 
signaling mechanisms for cell-cycle arrest and induction of repair, senescence or cell death 
(94). 

 

DSBs in an irradiated nucleus can be sensed by several pathways in which different 

proteins, ataxia telangiectasia mutated (ATM), DNA-dependent protein kinase 

(DNA-PK) and ataxia telangiectasia and Rad3-related protein (ATR), are recruited to 

the DSB site (95). These 3 major DSB-sensing molecules all have the potential of 

phosphorylating histone H2A variant H2AX on serine 139 (human sequence), which 

is designated γH2AX (96). Bulking of γH2AX generates foci that provide a high-

affinity binding site for downstream factors, such as p53 binding protein 1 (53BP1). 

In nuclei of unperturbed cells, 53BP1 is evenly dispersed. Upon DSB formation, 

53BP1 is relocated to the damaged region in order to promote end-joining of distal 

DNA ends (Figure 8) (88). In addition, DSB foci also attract other repair proteins, 
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such as BRCA1, and open the chromatin structure by histone acetylation in order 

to allow efficient repair (97, 98). Of interest, visualization of γH2AX and 53BP1 foci 

by immunochemistry has emerged as an extremely sensitive approach to monitor 

DSBs (99, 100). It has indeed been established that generated foci closely correlate 

with the amount of DSBs in the nucleus, and their loss with DNA damage repair. 

The high sensitivity of this method makes it very useful in low-dose radiobiology 

(101, 102). A drawback of the use of γH2AX to visualize DSBs and their repair is that 

it also gets recruited to replication-associated SSBs (103) and at sites of early 

apoptotic DNA breakage (104). Colocalization of γH2AX with 53BP1 foci is assumed 

to better reflect DSBs (103, 105) because 53BP1 is not retained at sites of SSBs (106) 

nor at early apoptotic DNA breakage (107). Scoring of colocalized 53BP1/γH2AX foci 

can thus rule out any misclassification, making it very useful for signal validation.  

Figure 8. Signal transduction pathway leading to the accumulation of γH2AX and 53BP1 
at a DSB site. (A) DSB lesion is sensed by the Mre11-Rad50-Nbs1 (MRN) complex and 
recruits active ATM monomers. ATM phosphorylates H2AX at serine 139 to generate γH2AX. 
(B-C) Recruitment of ring finger protein 8 (RNF8) by mediator of DNA damage checkpoint 
protein 1 (MDC1) leads to ubiquitylation of histones that recruits 53BP1 (108). 
 
In addition to γH2AX at the DSB site, ATM and ATR also phosphorylate tumor 

suppressor protein p53 and checkpoint kinases 1 and 2 (CHK1 and 2). As guardian 

of the genome (109), p53 plays a fundamental role in DDR: as a transcription factor, 

it promotes the transcription of genes essential for cell cycle arrest (e.g. cyclin-

dependent kinase inhibitor 1 [p21] and 2A [p16]) , apoptosis (e.g. Bcl-2-associated 

X [Bax] and Bcl-2 homologous antagonist killer [Bak]) and DNA damage repair (e.g. 

damaged-DNA binding protein 2 [DDB2] and Xeroderma pigmentosum, 

complementation group C [XPC]) (87). Furthermore, CHK1 and 2 are effector 
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proteins that are essential in halting cellular proliferation (110). If DSB cannot be 

repaired, p53 initiates apoptosis (see below).  

After recruitment of DSB-associated proteins, repair is carried out via homologous 

recombination (HR) or non-homologous end-joining (NHEJ) (Figure 9). The former 

uses intact sister chromatid as a template to repair the damaged site, allowing 

error-free repair during late S and G2 phases of the cell cycle. The latter pieces DNA 

ends together without homologous DNA strand template, making it error-prone 

but operable at any cell cycle stage (111). NHEJ is the main DSB repair pathway in 

irradiated cells (111). It provides rapid restoration of DNA integrity without 

requiring far-reaching chromatin changes. Comparatively, HR is required for more 

complex lesions, SSBs and DSBs induced by replication fork stalling or collapse and 

in heterochromatic regions (111). It repairs DSBs with slow kinetics. 

 

Figure 9. DSB repair pathways in mammals. DSBs are predominantly repaired by error-
prone non-homologous end-joining (NHEJ), or by error-free homologous recombination 
(HR) (112). 
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1.3.4. Cell cycle blockage 

With the aim of providing time to activate cellular repair mechanisms and to 

protect genetic material, cells are halted in their proliferation when DNA damage is 

detected. Cell cycle blockage requires a tight coordination of cell cycle checkpoints. 

Three checkpoints exist: G1/S, intra-S and G2/M. Regulation of these checkpoints 

occurs via the activity of cyclins and cyclin-dependent kinases (CDKs). Differentially 

expressed throughout the different cell cycle stages, cyclins bind to and activate 

CDKs, thereby inducing the phosphorylation of factors that regulate cell cycle 

progression (Figure 10). During DDR, the DSB machinery targets cyclins and CDKs to 

halt the cell cycle at a given checkpoint. For example, ATM signaling at DSB sites 

recruits and activates MDM2, p53 and CHK2. When p53 is phosphorylated by 

ATM/ATR, it induces p21 expression and subsequently inactivates the 

cyclinD/CDK4/CDK6 complex, which blocks G1/S transition (113). Features of cell 

cycle checkpoints, like the amount of DSBs necessary to induce arrest and the 

duration of the arrest, depend on cell type (114, 115). Furthermore, the amount of 

damage and the cell cycle status at the moment of irradiation also determine cell 

fate. Cells are found to be more sensitive to radiation-induced DNA damage when 

they are in G2 or M phase (116). 
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Figure 10: Checkpoint control of the cell cycle. During exposure to ionizing radiation, ATM 
and ATR signaling induces cell cycle arrest to ensure fidelity of DNA replication and 
chromosome segregation and to prevent progression through the cell cycle until critical 
processes have been completed (117).  

 

1.3.5. Cell removal 

When genome integrity is too severely compromised to be repaired, cells can be 

eliminated through various ways. In essence, there are four main possibilities: 

necrosis, autophagy, senescence and apoptosis (118). Necrosis is a form of non-

programmed cell death that occurs when cells are acutely depleted of energy or 

direct cellular trauma, resulting in loss of cell membrane integrity and uncontrolled 

release of cellular constituents to the extracellular space (119). Autophagy is a 

process during which a cell degrades its own components through the action of 

lysosomes in order to generate metabolic substrates and intermediates (120). 

Senescence is described as biological aging, during which cells have an ever-lasting 

G1 arrest mediated by p53/p21 and p16/retinoblastoma protein (pRb) signaling 

(118). Both pathways can be induced by senescence signals such as telomere 

attrition, oxidative stress and DNA damage. The resulting accumulation of p16 and 

p21 lead to inhibition of pRb phosphorylation, leading to decreased expression of 
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G1 cyclins and, ultimately, cell cycle arrest (121-123). Mitotic catastrophe results 

from improper distribution of chromosomes during mitosis. Molecular events that 

govern mitotic catastrophe, in particular those that link the detection of mitotic 

failure to the engagement of apoptotic or necrotic machineries, are still 

incompletely unsderstood (124). 

The most common way of cell elimination following irradiation is programmed cell 

death or apoptosis (125). When the amount of DNA damage is too high or when 

DNA damage is too complex to be repaired, constitutive phosphorylation of p53 

activates the apoptosis program. Depending on the amount of activated p53 and 

on the duration of its activation, damaged cells initiate apoptosis through intrinsic 

or extrinsic pathways (125). This eventually results in activation of caspases (118), 

a family of proteases that ensure that cellular proteins are degraded in a controlled 

fashion with minimal effects on surrounding tissues (126). Ionizing radiation mostly 

induces the intrinsic apoptotic pathway (127) (Figure 11). In this pathway, 

transcription of pro-apoptotic genes (e.g. BAX) and inhibition of anti-apoptotic 

gene (e.g. BCL-2) transcription is induced by p53. These transcriptional changes lead 

to changes in the inner mitochondrial membrane that result in the opening of the 

mitochondrial permeability transition (MPT) pore and loss of the mitochondrial 

transmembrane potential. As a result, the outer mitochondria membrane loses its 

integrity, causing cytochrome c release in the cytosol, which consequently activates 

caspase 9 and 3 (87, 128).  

Depending on the dose and cell type, ionizing radiation can also induce the extrinsic 

apoptotic pathway and the membrane stress pathway (127). The extrinsic pathway 

executes radiation-induced apoptosis by signaling through death receptors that 

belong to the tumor necrosis factor receptor super family (129, 130). Irradiation-

induced P53 activation increases the transcription and triggers the rapid transport 

to the cell membrane of death receptors apoptosis-stimulating fragment (FAS), DR5 

and FAS ligand (FASL) (131, 132). As a consequence, FAS cell surface death receptor-

associated death domain (FADD) is recruited to death receptors and caspase-8 is 

activated to form the death-inducing signaling complex. Caspase-8 then activates 

procaspases 3, 6 and 7 (133). In contrast to DNA damage-dependent intrinsic and 

extrinsic pathways, activation of the membrane stress pathway does not involve 

p53 (127). Indeed, lipid oxidative stress following radiation-induced ROS exposure 

directly account for activation of sphingo-myelinase (134, 135), a membrane-bound 
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enzyme that hydrolyzes sphingomyelin in the plasma membrane and releases 

ceramide (136-138). Ceramide is a second messenger that activates the 

RAC1/MEKK pathway, resulting in direct activation of caspases 1, 3 and 6 (Figure 

11) (139).  

 

Figure 11. The three major apoptotic pathways. Membrane stress pathway. Lipid oxidative 
stress, results in the production of ceramide following sphingomyelinase activation. 
Consequent RAC1/MEKK pathway stimulation activates the caspase system. Extrinsic 
apoptotic pathway. P53 activation triggers the expression of death receptors at the cell 
membrane and the recruitement of FADD. Binding of death receptor ligands to death 
receptors results in activation of caspase 8 and effector caspases 3, 6 and 7. Intrinsic 
apoptotic pathway.Persistent activation of p53 decreases anti-apoptotic and increases pro-
apoptotic protein levels in the cell. These changes lead to a loss of mitochondrial membrane 
integrity and cytochrome c release. Cytochrome c activates the caspase system that 
ultimately degrades cellular proteins. Adapted from (140). 
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1.4. Protection against radiation exposure: the current radiation protection 

system 

Short after the discovery of ionizing radiation by Röntgen in 1895, detrimental 

effects of ionizing radiation became apparent and people tried to protect 

themselves (141). Nowadays the International Committee on Radiation Protection 

(ICRP) and the US National Committee on Radiation Protection (NCRP) aim to 

protect people by advising the means for achieving this, e.g. regulatory and 

guidance limits (8, 142). 

The major question that keeps radiation protection bodies busy and that became 

the foundation of radiation protection guidelines worldwide is “How much is 

harmful?”. This question is paticularly relevant for low dose exposures for which 

health impact is not yet fully elucidated. Although a large number of 

epidemiological and radiobiological studies have been performed to date in order 

to investigate the effects of low doses of ionizing radiation (143-164), accurate risk 

assessment is not yet available (14). Current guidelines for protection against low 

radiation dose exposures are based on cancer risk estimates from epidemiological 

studies. As discussed in Introduction Chapter 2 of this thesis, cohorts include atomic 

bomb survivors, occupationally exposed people, patients (diagnostics or 

therapeutics) and environmentally exposed people (165). In general, an excess 

cancer risk can be statistically evidenced for doses above 100 mGy. Nevertheless, 

doses below 100 mGy are inconclusive due to 2 practical limits of epidemiological 

studies: low statistical power that generates random errors and demography that 

gives rise to systematic errors. Due to a high natural incidence of cancer, a lifetime 

follow-up of larger cohorts would be needed to quantify excess cancer risks due to 

a low dose of ionizing radiation. This is practically infeasible. Furthermore, 

confounding factors, such as lifestyle risk factors for CVD, can hamper accuracy to 

confidently detect a small increase in cancer mortality (discussed in Section 2.4). 

Any inadequacy in matching between control and study groups may give rise to a 

bias that cannot be reduced merely by expanding the size of the groups (166). As a 

consequence, risk assessment in the low dose region (< 100 mGy) is based on 

extrapolations made from high dose risk estimates (167). For cancer, it is widely 

accepted that the tumorigenic risk increases with radiation dose without the 

presence of a threshold dose; the stochastic linear non-threshold (LNT) model. This 
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assumption implies that no dose is absolutely safe, resulting in implementation of 

the "as low as reasonable achievable" principle (168, 169). 

In contrast to cancer, non-cancer diseases are not seen as health risks following 

exposure to low doses of ionizing radiation. Consequently, they are believed to 

have a threshold dose below which no significant adverse risks are induced 

(deterministic linear threshold model) (8, 170). This idea has been challenged by 

epidemiological findings showing an excess risk of non-cancer diseases following 

exposure to doses lower than previously thought (151, 171). Epidemiological 

evidence suggests an excess risk of CVD mortality above 0.5 Gy (151, 171). For doses 

below 0.5 Gy, the dose-risk relationship is still unclear. However, if the relationship 

proves to be without a threshold, this may have considerable impact on the current 

radiation protection system, since the overall excess mortality risk following low 

dose exposure could double (172).  
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Introduction Chapter 2. Radiation-induced cardiovascular diseases 

2.1. Cardiovascular diseases - generalities  

CVDs are the leading cause of mortality and morbidity worldwide. They globally 

account for approximately 30-50% of all deaths (173). In Belgium, 17.25% of all 

male deaths and 12.27% of all female deaths under the age of 65 are caused by 

CVDs. In 2015, 95,329 new cases in males and 91,763 new cases in females were 

diagnosed with CVD in Belgium, leading to a total of 1,030,616 males 

(12,295/100,000) and 1,038,886 females (9,621/100,000) with CVD. Moreover, on 

a daily basis in 2013, 328 antihypertensive drugs and 130 cholesterol-lowering 

drugs were prescribed per 1,000 people in Belgium (174).  

CVDs are multifactorial in nature, with both fixed and lifestyle-associated risk 

factors, including unbalanced diet, low physical activity, smoking, alcohol use, 

hypertension, high total cholesterol, high fasting plasma glucose, high body mass 

index (BMI), male gender, age, family history of premature coronary disease and 

genetic background (173-175). Total health care cost for CVDs in the year 2015 in 

Europe amounted to a staggering € 110,809,465, which is € 218 per capita and a 

total of 8% of the health care expenditure. In Belgium, the total health care costs 

amounted to € 2,421,246, representing € 216 per capita and a total of 6% of the 

health care expenditure (174).  

Until mid-1960s, the heart was thought to be a relatively radioresistant organ. Even 

as recent as in the 1980s, the issue of whether radiation exposure promotes 

coronary artery disease was controversial, and a relationship was not established 

until mid to late 1990s (176). Ionizing radiation-related CVDs comprise a broad 

range of different clinical manifestations that depend on various elements, such as 

radiation dose, exposure frequency, exposed heart volume, age at exposure, 

latency of disease, length of follow-up and other risk factors such as smoking and 

unbalanced diet (177). Major clinical manifestations of radiation-related CVDs are 

pericarditis, congestive heart failure and coronary artery disease. Furthermore, 

valvular disease, arrhythmias and conduction abnormalities may also be caused by 

ionizing radiation at > 10 years after exposure to high doses of ionizing radiation 

(generally higher than 40 Gy) (147, 178, 179). Because they are the main scope of 

this thesis, coronary artery disease and its main culprit, atherosclerosis, are 

discussed in more details below. 
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Coronary artery disease is defined as an obstruction of the blood flow in coronary 

arteries due to narrowing that restricts blood and oxygen supply to the heart. 

Coronary artery disease manifests in 2 forms: (i) a mild form leading to angina 

where the reduced blood flow results in discomfort and (ii) a severe form leading 

to myocardial infarction or heart attack when blockage is severe. The major cause 

of coronary artery disease is atherosclerosis, a chronic inflammatory disease of the 

arterial wall in which the buildup of plaques in the intima impairs normal vascular 

functioning (180). Development and progression of atherosclerosis is a complex 

process with many players (Figure 12). Despite advances that led to many 

compelling hypotheses about the pathophysiology of atherosclerotic lesion 

formation and of complications such as myocardial infarction, definitive evidence 

to confirm that processes such as lipoprotein oxidation, inflammation and 

immunity have a crucial involvement in human atherosclerosis is still lacking (181). 

According to the current concept, atherogenesis, i.e., the development of 

atheromatous plaques in the inner lining of arteries, starts after initial qualitative 

changes in the monolayer of endothelial cells that lead to endothelial activation 

and dysfunction (181, 182). When arterial endothelial cells are subjected to irritant 

stimuli caused e.g. by dyslipidemia, hypertension or pro-inflammatory agents, 

activated endothelial cells start to express adhesion molecules that capture 

leukocytes on their surfaces (Figure 12) (181, 183). First, adhesion molecules P-

selectin and E-selectin are expressed on the membrane of endothelial cells that are 

able to bind selectin P ligand on the surface of circulating monocytes. As a result, 

monocytes adhere loosely in a rolling fashion on the endothelium. Then, firmer 

interaction is accomplished with binding of endothelial integrins vascular cell-

adhesion molecule-1 (VCAM-1) and intracellular cell-adhesion molecule-1 (ICAM-1) 

to lymphocyte function-associated antigen 1 (LFA-1) and very late antigen-4 (VLA-

4), respectively, on the monocyte surface. In a final step, adherent monocytes 

migrate into the subendothelial space using diapedesis, under the influence of 

chemoattractant molecules. During diapedesis interaction of chemokine 

macrophage chemoattractant protein-1 (MCP-1), which is recognized by the C-C 

chemokine receptor 2 (CCR2) on monocytes, is important. Other chemoattractants 

that may play a role in monocyte recruitment to nascent plaques include interleukin 

(IL)-8 and its C-X-C motif chemokine receptor 2 (CXCR2), together with macrophage 

inflammatory proteins (MIP) 1α and 1β and the protein regulated upon activation 

normal T cell expressed and secreted (RANTES), all of which bind to C-C chemokine 



47 

receptor 5 (CCR5) on the monocyte surface (181, 182). In contrast to CCR2, the main 

function of CCR5 is to recruit monocytes from the circulating blood: CCR5 and its 

ligands act mainly on macrophages within the plaque (184). In parallel, changes of 

endothelial permeability and extracellular matrix composition promote the entry 

and retention of cholesterol-containing low-density lipoprotein (LDL) particles in 

the arterial wall. Once monocytes are resident in the arterial wall, they differentiate 

into tissue macrophages and start taking up LDL particles, leading to the formation 

of foam cells. These macrophages produce pro-inflammatory agents that stimulate 

the proliferation and migration of vascular smooth muscle cells (VSMCs) that are 

either resident in the tunica intima or present in the tunica media. Main pro-

inflammatory cytokines released by macrophages are tumor necrosis factor α 

(TNFα) and IL-1β that activate nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) transcription factor, resulting in the activation of many pro-

inflammatory pathways that support endothelial proliferation, T cell activation, 

enhanced expression of adhesion molecules on both leukocytes and endothelial 

cells and neutrophil attraction and activation. In addition, IFNγ is released that 

upregulates the expression of IL-1, platelet-activating factor and H2O2 by 

macrophages. Further important cytokines are IL-10, an anti-inflammatory 

cytokine, and transforming growth factor-β (TGF-β), shown to induce secretion of 

platelet-derived growth factor (PDGF) by macrophages. PDGF triggers VSMC 

proliferation. VSMCs also produce collagen and elastin, which form a fibrous cap 

that covers the plaque. Underneath, a collection of foam cells can be found, among 

which some die and discharge lipids in the extracellular space. Inefficient clearing 

of these dead cells along with their extracellular lipids can promote their 

accumulation as a lipid-rich pool, the necrotic core. The fibrous cap, as such, 

functions to protect this highly thrombogenic core against exposure to blood. The 

plaque itself can lead to 2 major clinical manifestations. Either it can keep on 

growing, leading to blood flow limitation and tissue ischemia, or it can form thrombi 

after disruption, leading to partial or complete blood vessel occlusion, resulting in 

a heart attack or stroke (181-183). 
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Figure 12. Schematic overview of the development of an atherosclerotic lesion. A. A 
normal artery is composed of 3 layers: the inner layer with endothelial cells in contact with 
the blood compartment, the middle layer with vascular smooth muscle cells (VSMCs) and 
the outer layer with mast cells, nerve endings and microvessels. B. After an initial qualitative 
change in the endothelium, activated endothelial cells express adhesion molecules onto 
which blood leukocytes adhere, and initiate the directed migration of bound leukocytes into 
the intima. Intimal monocytes mature into macrophages and take up lipids, yielding foam 
cells. C. Lesion progression includes transmigration of VSMCs from the tunica media into 
the intima, VSMC proliferation in the intima and enhanced production of extracellular 
matrix molecules collagen, elastin and proteoglycans. In advanced lesions, macrophages, 
foam cells and VSMCs can die, resulting in an extracellular pool of lipids and dead/dying 
cells in the central region of the plaque, denoted as the lipid or necrotic core. Advanced 
plaques also contain cholesterol crystals and microvessels. D. Plaque rupture by physical 
disruption of the fibrous cap of the atherosclerotic plaque induces thrombosis. This 
induction is mediated by the contact of blood coagulation components with tissue factors 
in the plaque interior, resulting in a thrombus that may extend in the vessel lumen, thereby 
impeding the blood flow (181). 
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2.2. Epidemiology of irradiation-induced CVD 

Almost 1 out of 3 people will develop cancer in the Western world (22), and about 

50 to 60% of all cancer patients undergo radiotherapy with radiation doses 

averaging 1.8 - 2 Gy per fraction (185). During radiotherapy treatment of tumors 

located in the mediastinal region of the human body (breast, lung and esophageal 

cancers), the heart and its blood vessels incidentally receive a part of the 

therapeutic radiation dose (163). Exposure of the cardiovascular system to these 

therapeutic doses is known to be associated with CVDs. The first epidemiological 

evidence of this association came from radiation-treated Hodgkin's lymphoma 

survivors in the 1960s. In a study of 258 patients followed for a median of 14.2 years 

(range 0.7-26.2) after radiotherapy, cumulative risk for ischemic event increased 

from 6.4% (95% Confidence interval [CI]. 3.8±10.7) at 10 years to 21.2% (95% C.I. 

15±30) at 20-25 years after radiotherapy treatment. Risk for myocardial infarction 

was 3.4% (95% C.I. 1.6±7.0) at 10 years and 14.2% (95% C.I. 9±22) at 20-25 years, 

and risk for ischemic cardiac mortality was 2.6% (95% CI 1.1±6.1) at 10 years and 

10.2% (95% CI 5.3±19) at 25 years (186) (Figure 13A). Later, in the study of Darby et 

al., 2,168 breast cancer patients were followed between 5 and more than 20 years 

after radiotherapyThese authors reported that women irradiated for left breast 

cancer (estimated mean heart dose 6.6 Gy) had higher rates of major coronary 

events than women irradiated for right breast cancer (estimated mean heart dose 

2.9 Gy; P = 0.002). Excess relative risk (ERR), a measure that quantifies how much 

the level of risk among persons with a given level of exposure exceeds the risk of 

non-exposed persons (187), for major coronary events was 7.4% per Gy (95% CI, 

2.9–14.5) when all follow-up times and breast cancer patients were included (171) 

(Figure 13B). Further evidence came from patients with peptic ulcers, a disease that 

was treated with radiotherapy from the 1930s until late 1960s. In a study of 3,719 

peptic ulcer patients, the relative risk of mortality following coronary heart disease 

was 1.24 (95% CI, 1.04 –1.47) at 10 or more years after radiotherapy (150). 

Additional proofs of increased risk of CVDs after high dose exposure were provided 

during the follow-up of Japanese atomic bomb survivors. During a 53 years follow-

up of 86,611 life span study cohort members, excess relative risk for death from 

heart disease per Gy was 0.14 (CI 0.06 – 0.23) (151) (Figure 13C). Although there is 

a large number of epidemiological studies showing a clear excess of CVD risk above 

0.5 Gy, they are of limited use for quantitative risk assessment because individual 

dosimetry has yet to be performed (152). In addition, even if an adverse effect can 
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be evidenced at relatively high doses of ionizing radiation, mechanisms by which 

therapeutic doses of radiation affect the cardiovascular system are still not 

completely understood (145). 

 

Figure 13. Epidemiological evidence for an increased risk of CVDs after exposure to 
ionizing radiation. A. Cumulative risk curves for the occurrence of cardiac events in Hodgkin 
lymphoma survivors (186). B. Rate of major coronary events according to mean radiation 
dose to the heart given during breast cancer radiotherapy, as compared with the estimated 
rate with no radiation exposure to the heart (171). C. Excess relative risk for death from 
heart disease in Japanese atomic bomb survivors. Shaded area is the 95% confidence region 
for the fitted lines (151). 
 

When the heart receives a radiation dose lower than 0.5 Gy, epidemiological 

evidence is less strong that for higher doses. The most informative cohort in this 

respect is composed of Japanese atomic bomb survivors. It is of high value for low 

dose epidemiology as a source for risk estimation due to its large size, the presence 

of both sexes and all ages, and because irradiated people have well-characterized 
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individual dose estimates (153). Studies in occupationally exposed individuals are 

also of interest as they generally involve relatively low doses received during 

repeated exposures. Examples of such cohorts are nuclear industry workers from 

15 countries (the 15-country study) (154), the UK national registry of radiation 

workers (155), the national dose registry of Canada (156), the Chernobyl liquidator 

cohort (157) and the Mayak cohort (158-160). The last cohort is composed of 

workers from Mayak PA, the first and largest Russian nuclear factory for plutonium 

production where the majority of workers were exposed to IR during the first 

period of its operation (188). In addition, data can also be acquired from 

environmentally exposed groups, such as settlements located at the vicinity of the 

Techa River (161) and the Semipalatinsk nuclear test area (162).  

When taking into account all epidemiological data on CVDs effects of ionizing 

radiation, a small but highly statistically significant ERR of 0.09 per Gy (95% CI 0.07, 

0.12) was observed at doses higher than 0.5 Gy (Table 4) (152). In addition, ERR of 

circulatory disease mortality was estimated at 0.08 (95% CI 0.04 – 0.12). In other 

words, receiving 1 Gy of ionizing radiation to the heart and its blood vessels 

increases the risk of CVD mortality with 8% in comparison to non-exposed people. 

This assumed risk is rather large and may therefore have serious implications for 

public health. Indeed, considering the high background rate of CVD, the absolute 

number of excess cases could be substantial (189). In order to find an association 

between low-level radiation exposure and CVD risk in a general unselected 

population, this meta-analysis was extended by Little et al. (172). When taking into 

account 717,660 individuals from the Japanese atomic-bomb survivors and 

occupational and environmental exposure studies listed above, a statistically 

significant ERR coefficient of 0.10 (95% CI 0.05 - 0.15) for coronary artery disease 

was observed as a result of exposure to low-level radiation more than 5 years prior 

to death (172). A linear association between ERR and radiation dose was assumed 

even in the low dose range because there was little evidence of nonlinearity in the 

dose-response curve for CVD in Japanese atomic-bomb survivors (151, 190) and in 

Mayak workers (158). Authors further argued that the consistency of ERR/Gy 

between Japanese atomic bomb survivors with moderate radiation doses (151, 

190) and occupational cohorts with low doses was used to support the notion of a 

linear relationship between ERR of CVD mortality and low doses of ionizing 

radiation (172). In a more recent analysis of the Life Span Study cohort of atomic 

bomb survivors with 105,444 subjects, the shape of the dose response curve for 
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solid cancer incidence was found to be significantly different for males versus 

females (P = 0.02). For females, the dose reponse was consistent with linearity, but 

for males it best fitted a linear-quadratic model (191). If this were to be confirmed, 

the overall excess risk of CVD-associated mortality after exposure to low doses of 

radiation would be about twice that associated to radiation-induced cancers, which 

ranges from 4.2% to 5.6% per Sv for the cohort populations discussed above (172, 

192), and it would further be different between both sexes. 

Table 4. Aggregate excess relative risks per Sv of circulatory disease in published 
medium and low dose (<5 Gy) epidemiological datasets * 

Endpoint Studies included ERR Sv-1  
(with 95% 

CI) 

Heart Darby et al (1987), Talbott et al (2003), Yamada et al 
(2004), Carr et al (2005), Ivanov et al (2006), Kreuzer et al 
(2006), Vrijheid et al (2007), Azizova and Muirhead (2009) + 
Azizova et al (2010), Shimizu et al (2010) 

0.09  
(0.05, 0.12) 

Stroke Darby et al (1987), Yamada et al (2004), Ivanov et al (2006), 
Kreuzer et al (2006), Vrijheid et al (2007), Azizova and 
Muirhead (2009), Muirhead et al (2009), Shimizu et al 
(2010) 

0.21 
 (0.16, 
0.27) 

Morbidity Yamada et al (2004), Ivanov et al (2006), Azizova and 
Muirhead (2009) + Azizova et al (2010) 

0.10  
(0.07, 0.13) 

Mortality Darby et al (1987), Davis et al (1989), Talbott et al (2003), 
Carr et al (2005), Kreuzer et al (2006), Vrijheid et al (2007), 
Muirhead et al (2009), Shimizu et al (2010) 

0.08  
(0.04, 0.12) 

Total Darby et al (1987), Davis et al (1989), Talbott et al (2003), 
Yamada et al (2004), Carr et al (2005), Ivanov et al (2006), 
Kreuzer et al (2006), Vrijheid et al (2007), Azizova and 
Muirhead (2009), Azizova et al (2010), Muirhead et al 
(2009), Shimizu et al (2010) 

0.09  
(0.07, 0.12) 

* ERR, Excess relative risk; CI, Confidence interval. From reference (152). 

 

2.3. Physiopathology of radiation-induced CVD 

Following radiotherapy of the thoracic part of the human body for mediastinal 

lymphoma, breast, lung and esophageal cancers, the heart incidentally receives a 
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part of the therapeutic dose (163). As indicated in the epidemiology section, high 

dose radiation exposure to the heart and its vessels is associated with a risk of 

radiation-induced CVD (151, 171, 172). In this context, coronary artery disease is 

considered to be the major cardiovascular complication (145, 147, 171). Two 

observations have been reported to explain which molecular and cellular 

mechanisms account for increased morbidity and mortality of coronary artery 

disease following radiation exposure. First, radiation can influence the 

pathogenesis of age-related atherosclerosis, thereby accelerating the development 

of atherosclerosis in coronary arteries (145). Second, damage to the heart 

microvasculature can reduce blood flow to the myocardium, causing myocardial 

ischemia that promotes acute infarction (147). Because endothelial activation and 

dysfunction are major causes of atherosclerosis, much of current radiobiological 

research is exploring the molecular and phenotypic effects of ionizing radiation in 

endothelial cells in the context of radiation-induced CVD (181, 183). These aspects 

are discussed in Introduction Chapter 3. It should be noted, however, that there are 

also other clinical manifestations of radiation-related CVDs, such as pericarditis and 

congestive heart failure (147, 178). Radiation-induced pericarditis is caused by 

damage to the cardiac microvascular network in combination with fibrosis of 

cardiac venous and lymphatic channels. This ultimately leads to accumulation of a 

fibrin-rich exudate in the pericardium, causing pericardial tamponade. Congestive 

heart failure is attributed to radiation-induced fibrosis of the myocardium, which 

ultimately leads to decreased elasticity and extensibility of cardiac walls, thereby 

reducing the ejection fraction (177).  

2.4. Gaps in the current knowledge of irradiation-induced CVDs 

Available epidemiological studies have limited statistical power to detect a possible 

excess risk of CVD following exposure to radiation doses lower than 0.5 Gy. Limited 

power is due both to the high background level of CVD in studied populations and 

to the existence of many potentially confounding risk factors [10]. For example, 

occupational studies have to deal with the "healthy worker" effect, and the study 

of A-bomb survivors with the "healthy survivor" effect. Both selection effects occur 

when healthy individuals with lower mortality and morbidity rates are selectively 

retained at a specific site (work and living area, respectively) where they 

accumulate higher doses and therefore confound the dose-risk relationship (154). 

Other potential confounders in epidemiological studies are lifestyle risk factors for 
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CVD (e.g. smoking, alcohol consumption, obesity, diabetes, hypertension) (152, 

172), prognosis of cancer treatment regimens (147), distribution of the dose range, 

accuracy of dosimetry, duration of follow-up after exposure and correct assignment 

of the cause of mortality (189). For these reasons, the number of people needed to 

quantify the excess risk of a dose < 0.5 Gy is unfeasibly high. In the context of 

radiation-related cancer, for example, a cohort of 5 million people would be needed 

to quantify the excess risk of a 10 mGy dose, assuming that the excess risk is in 

proportion to the dose (12). Moreover, CVD may occur a long time after exposure 

to doses smaller than 30 Gy (approx. 10 - 30 year lag) (147, 193, 194). As a result, a 

long follow-up period of time is needed to determine the nature and magnitude of 

risks following individual exposure to lower doses. 

Despite the fact that epidemiological studies have led to significant insights in 

radiation-related CVD risk, there are still many uncertainties that need to be 

addressed. Does CVD risk occur only above a specific dose? Is the latency of CVD 

development dependent on the dose? Are there sensitive targets in the heart and 

vasculature? Does radiation exposure affect CVD incidence or progression, or both? 

Is there a difference between single dose, fractionated and chronic exposure? To 

provide a more accurate dose risk assessment in order to improve the current 

radiation protection system, these questions need to be answered. 

Classical epidemiological studies are not adapted to provide answers to these 

questions. There is, therefore, a clear need for more detailed epidemiological 

studies that would be capable of addressing potential confounding factors and 

selection biases that could influence results. Furthermore, there is a particular need 

for a better understanding of the biological and molecular mechanisms responsible 

for the association between CVD and ionizing radiation. Hence, a more directed 

approach is required, such as molecular epidemiology that integrates epidemiology 

and biology (172). Radiobiological research is thus essential for the understanding 

of radiation-related CVD risk, both at high and low doses. In other words, accurate 

risk estimation will be possible only based on comprehensive biological and 

molecular understanding of what ionizing radiation does to the cardiovascular 

system.  
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Introduction Chapter 3. Endothelial cell responses to ionizing radiation 

The endothelium, which forms a thin layer of cells that lines the interior of the heart 

and blood vessels as well as the lymphatics, plays a complex role in vascular biology. 

It contributes to key aspects of vascular homeostasis and is also involved in 

pathophysiological processes, such as thrombosis, inflammation and hypertension. 

In this chapter, we will summarize and describe current knowledge about 

endothelial cell function in physiological conditions and endothelial cell activation 

and dysfunction after radiation exposure. We will also review pharmacological 

strategies that are currently under investigation to selectively target endothelial 

cells in order to protect against and mitigate radiation-induced cardiovascular 

injuries. 

3.1. The vascular endothelium 

In humans, all tissues depend on blood supply mediated by the circulatory system; 

arteries that divide in arterioles and transport the blood away from the heart; 

capillaries that enable the exchange of blood components with tissues; and venules 

that merge to form veins and carry the blood back to the heart, to the exception of 

veins of the portal system that carry blood from the digestive tract to the liver. 

Arteries share general structural features (Figure 14): a lumen; an inner layer, the 

tunica intima, composed of a specialized simple squamous epithelium called the 

endothelium, its basement membrane and a distinct layer of elastic fibers known 

as the internal elastic membrane; an intermediate layer, the tunica media, 

composed of VSMCs supported by a framework of collagenous fibers called the 

external elastic membrane; and an outer layer, the tunica adventitia or externa, 

that contains connective tissue (195). In veins, the tunica media is much thinner 

than in arteries and does not always contain VSMCs. Capillaries only comprise a 

tunica intima and pericytes, i.e., contractile cells that attach to endothelial cells. 

The vascular endothelium consists of an estimated 2.5 × 1012 endothelial cells and 

accounts for about 2.6% of the total amount of cells present in the human body 

(196). In a 70-Kg adult, they cover a surface of more than 1,000 m² and account for 

a weight over 100 g (197). For many years after its discovery in the 1800s, the 

endothelium was believed to be a mere inert, semipermeable barrier between 

circulating blood and underlying subendothelial tissues. Numerous subsequent 

studies have led to the current view of the endothelium as a dynamic 
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heterogeneous, distributed organ with essential secretory, synthetic, metabolic 

and immunologic functions (198). In the presence of irritant stimuli, such as 

dyslipidemia (199, 200), hypertension (201-204) and pro-inflammatory agents 

(205-208), the normal physiological functions of the arterial endothelium are 

adversely affected (209, 210), starting a chain of molecular changes that lead to 

atherosclerosis and CVDs, including coronary artery disease, carotid artery disease, 

peripheral artery disease and ischemic stroke (195, 211, 212). Most important 

endothelial functions are addressed below along with the consequences of 

radiation exposure. 

Figure 14. The general structure of large arteries and veins. A, Large arteries are composed 
of a tunica externa composed of connective tissue, a large tunica media consisting of 
smooth muscle supported by collagenous fibers, and a tunica intima that contains the 
endothelium supported by a basement membrane and elastic fibers. B, Large veins 
demonstrate the same three layers, but have a thinner tunica media with less smooth 
muscle (213).  

3.2. Physiological functions of endothelial cells 

Assisted by their capacity to sense and respond to mechanical and biochemical 

stimuli, endothelial cells play an active and critical role in the physiologic regulation 

of (i) the vascular tone, (ii) blood coagulation, (iii) inflammation and (iv) vascular 

permeability.  
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3.2.1. Vascular tone regulation 

In 1980, the endothelium was found to secrete a factor that relaxes VSMCs (214). 

Later, this factor was identified as free radical gas NO (215, 216). In endothelial 

cells, NO is synthesized when endothelial nitric oxide synthase (eNOS) converts L-

arginine to L-citrulline (217) in the presence of molecular oxygen and six cofactors: 

tetrahydrobiopterin (BH4), NADPH, flavin adenine dinucleotide (FAD), flavin 

mononucleotide (FMN), heme and calmodulin (218). The enzymatic activity of 

eNOS is regulated by Ca2+ and calmodulin (Figure 15). Elevated intracellular Ca2+ 

concentrations enhance the affinity of calmodulin for NOS, resulting in calmodulin 

binding, which is required for catalytic activity (219). Caveolin-1, the main caveolae 

coat protein, is also known to bind and tonically inhibit eNOS (220-222). As an 

allosteric modulator, heat shock protein 90 activates eNOS (223) by displacing 

caveolin-1 (221). In addition, eNOS activity can be enhanced by phosphorylation on 

its serine (Ser) 1177 residue, stimulating the electron flux within the reductase 

domain and increasing Ca2+ sensitivity (224, 225). Ser1177 is mainly phosphorylated 

during shear stress by protein kinase A (PKA), during insulin signaling by RAC-alpha 

serine/threonine-protein kinase (Akt) and adenosine monophosphate-activated 

protein kinase (AMPK), during bradykinin signaling by Ca2+/calmodulin-dependent 

protein kinase II (CaMKII), and during estrogen and vascular endothelial growth 

factor (VEGF) signaling by Akt (226). Another functionally important 

phosphorylation site in human eNOS is threonine 495. Thr495 is a negative 

regulatory site as its phosphorylation is associated with decreased electron flux and 

enzymatic activity due to interference with the binding of calmodulin. Thr495 is 

phosphorylated by protein kinase C (PKC) and dephosphorylayted by protein 

phosphatase 1 (PP1). Dephosphorylation of Thr495 is associated with stimuli that 

elevate intracellular Ca2+ concentrations. Other phosphorylation sites are Ser114, 

Ser633, Tyr81 and Tyr657. Consequences of the phosphorylation on these sites are 

still under investigation (227). Besides eNOS, two other NOS isoforms exist: 

neuronal NOS (nNOS) and inducible NOS (iNOS). nNOS is constitutively expressed 

and was first discovered in the brain. However, it can also be found in the spinal 

cord, sympathetic ganglia and adrenal glands, peripheral nitrergic nerves, epithelial 

cells of lungs, uterus, and stomach, kidney macula densa cells, and pancreatic islet 

cells (228). In contrast to eNOS and nNOS, iNOS levels can be induced in virtually all 

cells by pro-inflammatory stimuli lipopolysaccharide (LPS) and/or cytokines IL-1β, 

IFNβ, IFNγ, TNFα and IL-6 (226, 228), resulting in activation of Janus kinase/signal 
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transducers and activators of transcription (JAK/STAT), NF-κB and mitogen-

activated protein kinase (MAPK) pathways (229). 

 

 

Figure 15. Regulation of endothelial NOS activity by intracellular Ca2+ and 
phosphorylation. Increased levels of Ca2+ enhance calmodulin binding and activate eNOS. 
In addition, eNOS activity is regulated by phosphorylation on serine 1177, resulting in 
increased enzymatic activity, and by phosphorylation on threonine 495, resulting in 
decreased enzymatic activity. Not shown is the inhibitory interaction of eNOS with caveolin-
1 (226).  

 

Activation of eNOS by either Ca2+-dependent or Ca2+-independent mechanisms 

occurs after shear stress (230) and contact with a wide variety of vasodilators such 

as acetylcholine (231), angiotensin II (232), thrombin (233), ATP (234, 235) and 

bradykinin (236). Once activated, NO diffuses to VSMCs and activates soluble 

guanylate cyclase, which results in cyclic guanosine monophosphate (GMP) 

production and subsequent vasodilation (237). However, NO is not the sole 

endothelium-derived vasodilator. Endothelial cells also generates prostacyclin 

(PGI2) (238) capable of relaxing VSMCs. PGI2 acts mainly on prostacyclin receptor, 
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stimulating G protein-coupled increase in cAMP and protein kinase A activation, 

resulting in decreased intracellular Ca2+ levels. PGI2 also inhibits Rho kinase, leading 

to activation of myosin light-chain phosphatase (MLCP), which initiates VSMC 

relaxation (239). In addition, endothelium-dependent hyperpolarization (EDH) is 

triggered by increased cytoplasmic Ca2+ levels in endothelial cells (240). This causes 

the opening of Ca2+-activated potassium channels expressed by endothelial and 

smooth muscle cells, leading to hyperpolarization of VSMC membranes, closing of 

their voltage-operated Ca2+ channels, reduced cytoplasmic Ca2+ levels and, 

consequently, VSMC relaxation (241-243). EDH responses are caused by a number 

of factors, namely epoxyeicosatrienoic acids (EETs), electrical communication 

through gap junctions, endothelium-derived K+, hydrogen sulfide and endothelium-

derived H2O2 (242, 243). 

Endothelial cells also produce vasoconstrictor endothelin in response to physical 

(e.g. shear stress, hypoxia) or chemical (e.g. thrombin, cytokines) agents (244). By 

interaction with specific endothelin receptor subtypes (ET-A, -B and -C) on VSMCs, 

endothelin binding leads to MAPK and phosphatidylinositol 3-kinase (PI3-K)/Akt 

signaling, resulting in increased cytoplasmic Ca2+ levels and vasoconstriction (245). 

In addition to vascular tone regulation, several vasoactive substances, including NO 

(246), endothelin (245) and angiotensin II (247), also play a role in the regulation of 

VSMC proliferation. NO inhibits VSMC proliferation via cGMP-dependent and -

independent pathways. In the cGMP-dependent manner, NO activates guanylate 

cyclase, leading to cGMP formation with subsequent inhibition of epidermal growth 

factor (EGF) signaling (248, 249). Furthermore, guanylate cyclase has been shown 

to interact with chromosomes (250) and to modulate chromatin folding (251) 

during mitosis. In the cGMP-independent manner, NO can induce nitrosative stress, 

leading to S-nitrosylation of Ras (252) and 26S proteasome (253), thereby inducing 

proliferative VSMC arrest. Endothelin induces VSMC proliferation by potentiation 

of platelet-derived growth factor (PDGF) signaling (254), transactivation of EGF 

receptor (EGFR) (255) and binding to its ET receptors, resulting in MAPK signaling 

and, consequently, cell proliferation (256, 257). Angiotensin II binding to 

angiotensin II type 1 (AT1) receptors on VSMCs activates MAPK and PI3K 

intracellular signaling, and transactivates EGFR (258). It must also be noted that 

there is substantial crosstalk and interaction between several vasoactive 

substances produced by the endothelium (259). For example, thrombin stimulates 

both endothelin synthesis and the release of prostacyclin, which oppose each other 
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actions (260, 261). Hence, the overall response is the net result of complex 

interaction between several vasoactive pathways. Moreover, the responsiveness 

and relative importance of these pathways may vary from one vascular bed to 

another and can further be altered by pathophysiological processes (262). 

In addition to the interplay between endothelial cells and VSMCs during vascular 

tone regulation in large blood vessels, pericytes regulate the vascular diameter of 

capillaries and capillary blood flow (263). Similar to VSMCs, pericytes contract in 

reaction to a number of vasoactive substances, including endothelin-1 (264) and 

angiotensin II (265), and relax in reaction to prostacyclin (264) and NO (266). In 

contrast to VSMCs, however, pericytes are more sensitive to the metabolic demand 

of cell and induce vasodilation in response to additional stimuli: acid extracellular 

pH (267), lactate (268) and adenine (269). 

3.2.2. Blood coagulation 

The intimal surface of healthy endothelium has anticoagulant, antithrombotic and 

fibrinolytic activities. This is first achieved by the endothelial secretion of a variety 

of molecules important for the regulation of blood coagulation and platelet 

functions, among which major agents are prostacyclin and NO. Both synergistically 

act on blood platelets, activating adenylate cylase and guanylate cyclase to increase 

intracellular cAMP and cGMP content, respectively (Figure 16). As a result, PKA and 

protein kinase G (PKG) phosphorylate a number of substrate proteins in blood 

platelets, resulting in inactivation of small G-proteins of the Ras and Rho families, 

inhibition of the release of Ca2+ from intracellular stores, and modulation of actin 

cytoskeleton dynamics (270-272). These responses prevent platelet adhesion, 

granule release and aggregation. Prostacyclin and NO are produced in response to 

a wide range of vasoactive substances, some of which are also involved in the 

coagulation process (e.g. bradykinin and thrombin) or secreted by aggregating 

platelets (e.g. ATP) in order to limit the intravascular extent of forming thrombi 

(262). Besides secretion, the endothelium also maintains blood fluidity by 

promoting the activity of the protein C/protein S pathway (273) in the blood. 

Protein C is a zymogen present in the blood. Activated protein C (APC) is a strong 

inhibitor of blood coagulation as it inhibits two essential blood coagulation 

cofactors: factors Va and VIIIa. Protein C is activated when thrombin binds to 

thrombomodulin present at the outside of endothelial cells. This activation process 



63 

is approximately 20-fold enhanced when protein C is bound to the endothelial cell 

protein C receptor. Once APC is released in the blood, it forms a complex with 

protein S that is produced by the endothelial cells, and then inactivates factors Va 

and VIIIa (273-275). The endothelium also inhibits blood coagulation by providing 

antithrombin, the main site of inactivation of active thrombin (276), by synthesizing 

tissue factor pathway inhibitor (277) and by endocytosis of factor Xa (278). In 

addition to regulating blood fluidity, the endothelium also promotes fibrinolysis by 

releasing urokinase (279) and tissue-type plasminogen activator (280). Both allow 

the proteolytic cleavage of plasminogen into plasmin, which digests the fibrin 

network present in thrombi, thereby degrading them. While the former is only 

synthesized by activated endothelial cells, the latter is constitutively released into 

the blood stream (281). Upon vessel injury or inflammation, endothelial properties 

change in order to promote platelet aggregation and clot formation. This is done 

by the release of procoagulant/prothrombotic factors and by inhibition of 

anticoagulant pathways (282). In this respect, endothelial cells synthesize platelet-

activating factor that stimulates platelet adhesion to endothelial cells (283). 

Furthermore, endothelial cells are a main bodily source of von Willebrand factor 

(vWF) (284), a procoagulant protein that binds to and stabilizes coagulation factor 

VIII and is essential for platelet binding to exposed extracellular matrix components 

upon blood vessel damage (285). When stimulated, endothelial cells also synthesize 

and express tissue factor at their surface, which initiates the extrinsic coagulation 

pathway (286, 287). In this pathway, tissue factor expression activates factor VII, 

resulting in activation of factor X and the consequent formation of thrombin. As a 

serine protease, thrombin is able to cleave fibrinogen to produce fibrin, the building 

block of a blood clot (195). 
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Figure 16. Action of prostacyclin and NO on the cAMP/cGMP signaling network of 
platelets. Endothelial cells release prostacyclin (PGI2) and NO and activate adenylate cyclase 
(AC) and soluble guanylate cyclase (sGC), respectively. Resulting cAMP and cGMP stimulate 
cAMP-dependent protein kinase A (PKA) and cGMP-dependent protein kinase G (PKG). 
Substrate phosphorylation results in inhibition of platelet activation, granule release, 
adhesion and aggregation. GP, glycoprotein; HSP27, heat shock protein 27; IP3-R, inositol 
1,4,5-trisphosphate receptor; LASP, Lim and SH3 domain protein; TRPC6, transient receptor 
potential channel 6; VASP, vasodilator-stimulated phosphoprotein. Figure adapted from 
(272). 

 

3.2.3. Interaction with immune cells 

During inflammation, a complex interplay takes place between leukocytes and 

endothelial cells, which is aimed to destroy, dilute or wall-off both the injurious 

agent and the injured tissue. In acute forms, it can be life preserving, but 

inappropriate, excessive or chronic inflammation leads to pathological situations 

(288). As a consequence, the inflammatory process is tightly controlled by 

numerous cellular players and mediators. Endothelial cells are among main players 

during the inflammatory process as they are involved in recruitment of 

inflammatory cells to sites of tissue injury or infection (289). Endothelial cells 

integrate signals from their environment, such as pro-inflammatory cytokines TNF-
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α and interleukin IL-1, and LPS (290). Subsequent NF-κB activation (288) results in 

the upregulation of adhesion molecules (291) (cfr. Introduction Chapter 2) and in 

the production and release of cytokines (e.g. IL-1 and TNF-α) and chemokines (e.g. 

IL-8 and CCL2) by endothelial cells, which serve as communication signals to 

leukocytes (292-295). (Figure 17). 

 

 

Figure 17. Role of endothelial adhesion molecules during leukocyte adhesion and 
extravasation. Circulating leukocytes undergo a multistep process of rolling, slow rolling, 
arrest, adhesion and spreading, and finally transendothelial migration to reach sites of 
inflammation (296).  
 

3.2.4. Vascular permeability 

The endothelium is a selective barrier for blood-tissue exchanges of molecules, 

thereby controlling tissue oncotic pressure, nutrient delivery and cell extravasation 

(297, 298). To form this barrier, adhesion molecules present on the surface of 

juxtaposed endothelial cells bind to each other and form a seal, restricting 

transendothelial passage (paracellular pathway). The permeability of this barrier 

varies according to the types of junctions that are present in each tissue type, and 

is dependent on swift alterations in response to physical forces and biological 

signals. The type of junction dictates pore size and, hence, the size of molecules 

that can pass (299). Two types intercellular junctions have been characterized in 

the endothelium: adherens and tight junctions. Adherens junctions are the most 

ubiquitous type of endothelial cell-cell junction as they are found in most vascular 

beds (298, 300). In endothelial cells, they are formed by VE-cadherin anchored to a 

network of intracellular catenins (β-catenin, γ-catenin, p-120 catenin) that interact 
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with the actin cytoskeleton (301, 302) (Figure 18). Adherens junctions have a mean 

pore size of approximately 3 nm (298, 300), making them non-permeant to large 

macromolecules, such as albumin (69 kDa; molecular radius 3.6 nm). As a 

consequence, they determine the selectivity of the endothelial barrier to 

macromolecules in many organs and tissues (298, 300). Tight junctions are less 

common in the vasculature and can only be found in specialized tissues (e.g. blood-

brain (303), blood-retinal (304) and blood-testes barriers (305)). Tight junctions 

confer an additional barrier function, preventing the passage of much smaller 

molecules (< 1 kDa) and even restricting the flow of small inorganic ions. Hence, 

they have a mean pore size of approximately 1 nm (306, 307). Tight junctions are 

mainly composed of occludins bound to cytosolic proteins (e.g. ZO-1 and ZO-2) to 

tightly link the plasma membranes of two juxtaposed cells (308) (Figure 18). Other 

components are junctional adhesion molecule (JAM) and claudins (309). There are 

two additional structures found in endothelial cell-cell junctions that are not 

considered to be determinant of paracellular permeability: gap junctions and 

fenestrations in discontinuous endothelium. Gap junctions are formed by the 

interaction of two hexameric connexins from opposing cells, of which endothelial 

cells are known to express Cx37, Cx40 and Cx43 (310) (Figure 18). By providing an 

intercellular gateway, gap junctions allow the passage of small molecular weight 

solutes (e.g. second messengers, Ca2+ and inositol trisphosphate) between 

neighboring cells, thereby enabling intercellular communication (311). 

Fenestrations allow the passage of very large solutes (50 – 100 nm) in specialized 

tissues such as kidneys, liver and spleen. However, they are of minimal importance 

in the permeability regulation of common blood vessels (299).  
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Figure 18. Structural organization of inter-endothelial cell junctions. Tight junctions are 
formed by occludins, claudins and JAMs, whereas VE-cadherin is required for the formation 
of adherens junctions. Connexins form gap junctions (298). 

 

3.3. Pathological effects of ionizing radiation: endothelial activation and 

dysfunction 

When cells are exposed to ionizing radiation, they undergo a stress response within 

less than a microsecond after the hit (47). This response is initiated by the biological 

damage caused by the disruption of atomic structures, as discussed in Introduction 

Chapter 1. As a result, endothelial activation occurs, causing the quiescent 

phenotype to switch towards a pro-inflammatory one. When exposure is prolonged 

and/or repeated, it can exhaust the protective physiological effect of the 

endothelium, leading to endothelial dysfunction (312). This pathological state can 

thus be seen as a maladaptive response to pathological stimuli and refers to a 

failure of the endothelium to perform its normal, physiologic functions (313). As a 

result, deterioration of the vascular tone, blood hemostasis problems, 

inflammation and edema occur at the site of the affected endothelium (314). 

Because the endothelium is a key integrator of vascular risk, pathogenic signals, 

includung ionizing radiation, may converge to produce several pathological 

conditions (313), atherosclerosis being a typified example (262). In the sections 

below, we summarize current knowledge on the effects of ionizing radiation 
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exposure on the different aspects of endothelial activation and dysfunction. 

However, it should be noted that it is difficult to draw general conclusions about 

the adverse events discussed below because the current literature often describes 

different cell lines, different timepoints and different radiation doses. 

3.3.1. Endothelial activation: a pro-inflammatory state 

Endothelial cell activation can be defined by the manifestation of a pro-

inflammatory phenotype characterized by the expression of chemokines, cytokines 

and adhesion molecules that facilitate the recruitment and attachment of 

circulating leukocytes on the vascular wall (312). Endothelial cells are typically 

activated by pro-inflammatory cytokines TNF-α and IL-6 released by immune cells 

upon contact with pathogens (315). After ionizing radiation exposure, however, 

endothelial cell activation occurs in a sterile environment without the presence of 

pathogens, i.e., sterile inflammation. One of the possible causes of sterile 

inflammation is oxidative stress, a recognized consequence of endothelial cell 

exposure to radiation (1, 316-318). Besides reacting with cellular biomolecules, ROS 

directly activate redox-sensitive transcription factors nuclear factor (erythroid-

derived 2)-like 2 (Nrf2), activator protein 1 (AP-1) and NF-κB (319). Nrf2 is a master 

regulator of gene expression linked to protein products involved in the removal of 

ROS, and is known to enhance cellular antioxidant capacity. In the presence of ROS, 

the cytosolic repressor Kelch-like ECH associated protein 1 (Keap1) is dissociated 

from Nrf2, followed by nuclear translocation and subsequent DNA binding of Nrf2 

on its target genes. These genes code a set of enzymes involved in antioxidant 

mechanisms, including NADP(H):quinone oxidoreductase-1, SOD, glutathione S-

transferase, heme-oxygenase-1, and γ-glutamyl cysteine ligase (319, 320). AP-1 is a 

heterodimeric transcription factor composed of members of the Jun, Jun 

dimerization, FOS and related activating transcription partner families (321, 322). 

Depending on its composition, it plays a role in the expression of several genes 

involved in cellular differentiation, proliferation and apoptosis. Examples of AP-1-

target genes are TGFα, TGFβ and IL2 (321). Activation of AP-1 during oxidative and 

inflammatory stimuli is predominantly mediated by MAPK signaling (319). NF-κB is 

another heterodimeric redox-regulated transcription factor that remains 

sequestered in the cytoplasm as an inactive complex with its inhibitory counterpart 

inhibitor of κB (IκB). Inflammatory and/or oxidative stimuli activate a series of 

upstream kinases, such as MAPKs, IκB kinase, PKC and PI3K, which then activate NF-
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κB by phosphorylation-mediated degradation of IκB. Activated NF-κB translocates 

to the nucleus and induces the expression of a wide array of genes regulating pro-

inflammatory mediators TNF-α, IL-8, IL-1, iNOS and cyclooxygenase-2 (319). In 

endothelial cell, NF-κB is involved in the transcriptional regulation of most cytokines 

and adhesion molecules (323-327). Another possible cause of endothelial 

activation is the release of damage-associated molecular patterns (DAMPs) by 

stressed and dying cells. Tissue injury emits DAMPs that serve as danger signals to 

activate danger control (i.e. inflammation for host defense). DAMPs can either be 

intracellular molecules that signal cell stress and necrosis (high-mobility group box 

1 [HMGB1], histones, purine metabolites, uric acid, S100 proteins, heat shock 

proteins and DNA/RNA outside nucleus or mitochondria), matrix constituents that 

signal extensive matrix remodeling (hyaluronan fragments, glycosaminoglycan 

fragments) and luminal factors that signal barrier destruction (uromodulin, oxidized 

LDL). DAMPs activate toll-like receptors, purinergic receptors and inflammasomes 

in parenchymal cells and leukocytes. DAMP binding on endothelial cells upregulates 

pro-inflammatory signaling pathways that lead to NF-κB, MAPK, NF-κB and 

interferon regulatory factor 3 (IRF3) signaling (328, 329), resulting in expression of 

adhesion molecules (ICAM-1, VCAM-1, E-selectin) and the release of cytokines (IL-

6, IL-8, CCL2, IFNγ) (315, 330-333). In this respect, exposure to ≥ 2 Gy of X-rays was 

found to induce a dose-dependent in vitro and in vivo release of HMGB1 (334), 

known to induce endothelial expression of IL-6, CCL2, ICAM-1 and VCAM-1 (335). 

Moreover, NF-κB signaling was found to be upregulated in irradiated arteries of 

patients treated with radiotherapy, even months or years after radiation exposure 

(336).  
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Figure 19. Intracellular damage-associated molecular patterns are released from injured 
and necrotic cells. Normal cells undergo apoptosis, which maintains inner and outer 
membranes to avoid DAMP release. Cellular injury followed by stress and necrosis releases 
intracellular DAMPs from various cellular compartments. U1snRNP, U1 small nuclear 
ribonucleoprotein; NADPH, NAD phosphate dehydrogenase; CYPD, cyclophilin D, GPX-4, 
glutathione peroxidase 4; HSP, heat shock protein (337). 

 

In general, high doses of ionizing radiation (> 2 Gy) induce endothelial activation. 

Endothelial adhesion molecules ICAM-1, VCAM-1 and E-selectin are upregulated in 

a time- and dose-dependent manner (145, 338), in part due to NF-κβ activation 

(339). Furthermore, cytokines IL-6 and IL-8 as well as TGF-β were shown to increase 

after exposure to high doses of ionizing radiation (340, 341). In obese ApoE-/- mice, 

a 14 Gy exposure induced an inflammatory phenotype, accelerating atherosclerotic 

plaque formation and rupture (342). In addition, atomic bomb survivors, who are 
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more prone to the development of atherosclerosis (151), demonstrated signs of 

general inflammation, with increased levels of IL-6 and C-reactive protein (CRP) 

(343). Comparatively, the effects of low doses (≤ 2 Gy) of ionizing radiation on 

endothelial activation are still under debate. A decrease in endothelial ICAM-1 and 

E-selectin expression has been observed after exposure to 0.3 and 1 Gy (338), which 

caused decreased endothelial adhesiveness to monocytes (338, 344). This anti-

inflammatory effect of low-dose radiation, which was confirmed by others (318, 

345-350), requires a pre-activation of endothelial cells with pro-inflammatory 

stimuli TNF-α, IL-1β or LPS. When these mice were exposed to low amounts of 137Cs 

delivered in the drinking water, the pro-inflammatory plaque phenotype was also 

diminished (351). The dampening effect of radiation exposure on endothelial 

activation has been used for decades for the treatment of benign inflammatory 

diseases (352, 353). Today, the use of low dose radiotherapy for the treatment of 

chronic inflammatory diseases is rare due to the debate on possible cancer and 

non-cancer risks (349). 

It must be emphasized that endothelial cell activation is a normal part of bodily 

defense mechanisms. In physiological circumstances, it draws immune cells to sites 

of infection or tissue injury. The difference between normal physiological and 

detrimental pathological activation of the endothelium lies in the nature, extent, 

duration and combination of pro-inflammatory stimuli. As a consequence of 

prolonged and/or repeated exposure to a combination of cardiovascular risk 

factors, the protective effect of endogenous anti-inflammatory systems of 

endothelial cells can ultimately be depleted, resulting in endothelial dysfunction 

(312). 

3.3.2. Deterioration of the vascular tone 

One of the key consequences of endothelial dysfunction is impairment of 

endothelium-dependent vasodilation due to reduced bioavailability of vasodilators, 

particularly NO, and/or to elevated levels of endothelium-derived contracting 

factors, i.e. endothelins, prostaglandin and thromboxane (314, 354-357). The role 

of NO and its reactive intermediates in the endothelial radiation response largely 

remains an open question (358). What is known is that, after exposure of 

endothelial cells to ionizing radiation, NO is rapidly deactivated by superoxide 

radicals, resulting in the formation of vasotoxic peroxynitrites (359). Irradiation-
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induced oxidative stress also causes eNOS uncoupling due to inadequate availability 

of redox-sensitive cofactor BH4, resulting in eNOS-dependent production of 

superoxide and diminished release of NO (360). From 1 to 4 days after irradiation, 

doses of 6 Gy and higher were found to promote eNOS expression and activity, 

leading to NO production and NO-induced angiogenesis with a concomitant 

increase in tumor blood flow (361-363). eNOS activation after endothelial 

irradiation dependents on components of the DNA damage response pathway, 

namely ATM and heat-shock protein 90, which phosphorylate Ser1179 of eNOS, 

leading to enhanced eNOS activity (364). However, most of endothelial DNA 

damage signaling ceases within 24 h after irradiation (365), explaining why 

irradiation acutely but not chronically enhances NO availability. At later time-

points, endothelium-dependent vasodilation is compromised. Timing also depends 

on the dose and on the nature of the irradiated endothelial bed. For example, 

reduced endothelium-dependent vasodilation was found in rabbit carotid arterial 

rings 20 h after irradiation with 8 and 16 Gy (366), in rabbit ear arteries 1 week after 

irradiation with 10, 20 and 45 Gy (367, 368), in rabbit aorta 9 days after whole-body 

irradiation with 1, 2 and 4 Gy (369), in the rat prostate vasculature 5 months after 

irradiation with 10 and 20 Gy (370) and in rat aorta 6 months after irradiation with 

15 Gy (371). In humans, endothelium-dependent vasodilation was found to be 

impaired both in vitro and in vivo in carotid arteries 4 to 6 weeks after neck 

irradiation (total pre-operative dose of radiation averaged 47.9±2.8 Gy) (372). In 

addition, impaired endothelium-dependent vasodilation of axillary arteries was 

reported in breast cancer radiotherapy patients more than 3 year after 

radiotherapy (no average dose assigned) (373). 

As mentioned in 3.2.1., NO is not the sole vasoactive substance produced and 

released by the endothelium. The production of prostacyclin, a potent 

endothelium-derived vasodilator, is also affected by radiation exposure. Basal 

prostacyclin release was found to be unaffected in irradiated human umbilical vein 

endothelial cells (HUVECs) at doses up to 25 Gy (374). However, when endothelial 

cells were stimulated with exogenous arachidonic acid, a precursor of endothelial 

prostacyclin, prostacyclin levels decreased 15 min after irradiation (375), increased 

within 1 day after irradiation (376-380) and then decreased again thereafter in a 

radiation dose-dependent way (374, 378, 381, 382). The short-term stimulatory 

effect of radiation on prostacyclin production is believed to be caused by oxidative 

stress (383, 384) and cell damage (378). EDH-related signaling was unaffected after 
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endothelial irradiation, thereby serving as a reserve defense mechanism for 

vasorelaxation (369, 385). Conversely, levels of vasoconstrictor endothelin-1 were 

increased after in vitro (386, 387) and in vivo (388, 389) radiation exposure with 

doses ranging from 0.2 to 20 Gy. In addition, the endothelial production and release 

of vasoconstrictor angiotensin II by endothelial cells, in bovine pulmonary arterial 

endothelial cells and HUVECs (390, 391) and in pulmonary endothelial cells 

collected from irradiated rats (392, 393) increased dose- and time-dependently 

starting 24 h after exposure to 5-30 Gy. Overall, one can conclude that endothelial 

irradiation induces initial vasodilation during the first couple of days after 

irradiation, followed by chronic vasoconstriction with compromised endothelium-

dependent vasodilation.  

Besides affecting the endothelial compartment of blood vessels, ionizing radiation 

can also directly affect VSMCs. When irradiated in culture in the absence of 

endothelial cells, VSMCs underwent decreased proliferation after a 1.25-20 Gy 

exposure (394-396), with a reduction of viable cells only 15 days after exposure 

(395, 396). The surviving VSMCs demonstrated reduced contractibility (396), but 

maintained a contractile phenotype after exposure to 10-20 (397). In contrast, 

when VSMCs were cocultured with endothelial cells and both were irradiated 

together with 2-10 Gy, VSMCs changed from a normal contractile to a fibrogenic 

phenotype (341) associated with the pathogenesis of atherosclerosis (398). Fibrosis 

was induced by TGFβ released by irradiated endothelial cells, resulting in mothers 

against decapentaplegic (SMAD) signaling in VSMCs (341). Exposure to 6 Gy also 

mediated increased myofilament Ca2+ sensitivity in isolated rat thoracic aortic 

VSMCs 9 and 30 days after exposure (399, 400). Furthermore, oxidative stress has 

been shown to induce vasoconstriction by promoting Ca2+ release from VSMC 

intracellular stores (401) and by upregulating VSMC proliferation by either their 

secretion of cyclophilin A (402) or by the binding of oxidative stress products 

hydroperoxyoctadecadienoic acids and 4-hydroxy-2-nonenal to VSMCs (403, 404). 

3.3.3. Procoagulatory and prothrombotic phenotype 

In addition to altered vascular tone, vascular damage shifts the homeostatic 

balance towards a procoagulant and prothrombotic endothelial cell phenotype 

(405). Because prostacyclin and NO are the main anticoagulatory agents secreted 

by endothelial cells (406), their decreased production after radiation exposure 
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results in platelet aggregation and blood clot formation. However, molecular 

mechanisms responsible for loss of endothelial thromboresistance are more 

complex. The irradiated endothelium indeed increases the synthesis of tissue factor 

(407, 408), vWF (409-413) and platelet-activating factor (414), while reducing 

thrombomodulin production (145, 415, 416), prostacyclin receptor production 

(375, 384, 417) and its fibrinolytic activity (418-420). These changes promote 

platelet adhesion and aggregation and the development of platelet-fibrin thrombi 

(421-424). Cytokines produced during endothelial activation (e.g. IL-6 and CCL2) 

further affect hemostasis by inducing the expression of tissue factor, tissue 

plasminogen activator, thrombomodulin and vWF (425-427). In this context, 

irradiation with 14 Gy was shown to induce atherosclerotic plaques with an 

inflammatory phenotype prone to hemorrhage in ApoE-/- obese mice (342), which 

may accelerate atherosclerosis (428).  

3.3.4. Endothelial cell retraction and death 

Besides edema formation in surrounding tissues caused by endothelial 

inflammation and tissue injury (429, 430), exposure to radiation doses as low as 2 

Gy can induce a transient and rapid decrease in the integrity of in vitro human 

endothelial barriers through cell detachment and loss of PECAM-1 (431, 432). Rapid 

loss of endothelial monolayer integrity depends on cytoskeletal reorganization due 

to actin stress fiber formation and redistribution of VE-cadherin junctions, resulting 

in endothelial retraction (433-436). At higher doses, a more direct cause of 

increased vascular permeability is of course endothelial cell death (437, 438). 

Sensitivity of endothelial cells to ionizing radiation can be assessed by clonogenic 

assays, the method of choice to determine cell reproductive death after treatment 

with ionizing radiation (439) (Figure 20). Radiosensitivity varies between 

endothelial cells from different vascular beds, with HUVECs being the most 

sensitive and human hepatic sinusoidal endothelial cells (HHSEC) being the most 

radioresistant (440). In addition, radiosensitivity depends on radiation quality, with 

the RBE of α-particles estimated at 5.5 and 4.6 for 10% survival of A549 cells and 

EA.hy926 cells, respectively. Doses as low as 0.125 Gy can reduce the surviving 

fraction of EA.hy926 cells (441). Doses higher than 5 Gy induce endothelial cell 

apoptosis by the production of ceramide (442, 443). Ceramide activates stress 

activated c-Jun N-terminal kinases (JNKs), resulting in the conversion of 

sphingomyelin to ceramide by neutral sphingomyelinase and the subsequent 
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activation of caspase-3 (444, 445). In addition, endothelial apoptosis at doses 

higher than 5 Gy can also be induced by persistent DNA damage, resulting in p53 

accumulation and activation of the caspase pathway (446, 447). Mechanisms 

behind endothelial cytotoxicity of lower doses are less known. For example, 

apoptotic EA.hy926 cell death was not increased after exposure to 0.2 Gy, but well 

after exposure to 5 Gy (448). In another study, TNF-α-activated endothelial cells 

were shown to have a discontinuous induction of apoptosis, with a relative 

maximum at 0.3 and 3 Gy and a relative minimum at 0.5 Gy (346). In addition, our 

group observed a dose-dependent increase in endothelial cell apoptosis from 0.5 

Gy in HUVECs and from 0.1 Gy in EA.hy926 cells (449). In vivo, compromised barrier 

function is involved in the pathogenesis of vascular failure, including 

atherosclerosis (314, 450, 451).  

 

Figure 20. Effect of ionizing radiation on the clonogenic survival of normal endothelial cells 
from diverse human organs. A. Survival fraction of endothelial cells was assessed after 
clonogenic assays performed 14 days post-irradiation in human hepatic sinusoidal 
endothelial cells (HHSECs), human brain microvascular endothelial cells (HBMECs), human 
ovarian microvascular endothelial cells (HOMECs), human pulmonary endothelial cells 
(HPMECs), human umbilical vein endothelial cells (HUVECs), human dermal microvascular 
endothelial cells (HDMECs) (440). B. Survival fraction was assessed after clonogenic assays 
performed 11 days post-irradiation. Assays were performed with EA.hy926 cells (EC) 
derived from fusion of HUVEC with A549 cells (441). 
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3.3.5. Mitochondrial dysfunction 

Recent years have seen increasing interest for radiation-induced mitochondrial 

dysfunction as a cause of endothelial dysfunction in the context of atherosclerosis 

(452-456). In most mammalian cells, mitochondria are primarily considered as the 

major suppliers of cellular energy in the form of ATP by oxidative phosphorylation 

(OXPHOS) (455). However, mitochondria only have a modest number in endothelial 

cells (454, 457) and produce a low proportion of total amount cellular energy (458-

460). Thus, endothelial mitochondria are more likely to primarily serve as important 

signaling organelles (461). Apart from metabolic integration, mitochondria are 

involved in oxidative stress signaling, Ca2+ regulation and control of cell death. As a 

byproduct of OXPHOS, a small amount of O2 undergoes monoelectronic reduction 

mainly at complexes I and III of the mitochondrial electron transport chain, 

resulting in the generation of O2
-. As a result, mitochondria are a main generation 

site of ROS within a cell (86). The formed O2
- is converted to H2O2 by SOD2 inside 

mitochondria, which is able to activate redox-sensitive transcription factors Nrf2, 

AP-1 and NF-κB (319). Normal cytosolic Ca2+ concentrations are maintained 

approximately 10,000 times lower than extracellular Ca2+ concentrations by plasma 

membrane and endoplasmic reticulum Ca2+ ATPases. Because these transport 

proteins require ATP for Ca2+ transport, mitochondria are indirectly involved in this 

form of Ca2+ regulation (462, 463). In addition, mitochondria can also directly 

sequester Ca2+ and, thereby, regulate intracellular concentrations by their inner 

membrane uniporter rapid mode of Ca2+ uptake into heart mitochondria (RaM), 

which is driven by the proton electrochemical potential. Conversely, mitochondria 

release Ca2+ via the 2Na+/Ca2+- and 2H+/Ca2+-exchanger. Increased mitochondrial 

Ca2+ activates dehydrogenase enzymes in mitochondria and increases ATP synthase 

activity, leading to increased NADH and ATP production (464). Importantly, 

mitochondria are also central executioners of apoptosis. In normal state, anti-

apoptotic proteins of Bcl-2 family, located on the outer mitochondrial membrane, 

inhibit pro-apoptotic effector proteins BAX and BAK. In response to cytotoxic stress, 

BCL‑2 homology 3 (BH3)-only proteins inhibit BCL-2 proteins, resulting BAX and BAK 

activation. BAX and BAK form oligomers that permeabilize the mitochondrial outer 

membrane, mediating the release of cytochrome c into the cytosol (465, 466). 

Cytosolic cytochrome c promotes the activation of caspase 9 by apoptotic protease 

activating factor 1 (APAF1), which in turn activates effector caspases that induce 

cell death (467). Dysregulation of these vital functions can promote endothelial 
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inflammation, apoptosis and senescence, which are all linked to the development 

and progression of atherosclerosis (438, 454-456, 468).  

 

 

Figure 21. Mitochondria-mediated pathways in apoptosis. Diverse cytotoxic stimuli, 
including oncogenic stress, intracellular damage and cytokine deprivation, engage the 
mitochondrial pathway by induction of BCL‑2 homology 3 (BH3)only proteins (initiators). 
These BH3-proteins inhibit prosurvival BCL-2-like proteins (guardians), thereby enabling 
activation of tproapoptotic effectors BAX and BAK, which then disrupt the mitochondrial 
outer membrane and release cytochrome c. Released cytochrome c promotes caspase 9 
activation via apoptotic protease activating factor 1 (APAF1), converging at effector 
caspases (caspase 3, caspase 7 and caspase 6). Figure adapted from (469). 
 

Because mitochondria are the biggest cellular source of ROS (438, 470, 471), they 

are closely related to oxidative stress signaling. At relatively low levels, 

mitochondria-derived ROS are signaling molecules that support normal or 

compensatory cellular functions involved in hypoxic adaptation, immunity, cellular 

differentiation and longevity (472). However, excessive moitochondrial ROS levels 
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can cause oxidative stress (455). This is problematic because mitochondria 

themselves are critical target of ROS (473). In general, after cellular exposure to 

ionizing radiation, antioxidant supply quickly becomes compromised, leading to a 

rapid decline of reduced GSH levels [e.g. 10 Gy, murine testis (474)]. In an effort to 

combat oxidative challenge, ROS and RNS activate cellular transcription factors, 

Nrf2, NF-κB and AP-1, resulting in increased expression of ROS-detoxifying enzymes 

catalase, SOD, GPx, GST and heme oxygenase-1 (475-477). Nrf2 is believed to be 

the main regulator of cellular resistance to pro-oxidants. Because Nrf2 controls 

basal and induced expression of an array of antioxidant response element-

dependent genes, including heme oxygenase-1, MnSOD and GPx (478, 479), it is 

not surprising that this factor is induced after radiation exposure in both normal 

and cancerous cells (0.05 Gy – 8 Gy) (476, 480, 481). Nrf2 also confers cellular 

radioresistance (482-485) by mediation DNA repair and oxidative defense in both 

normal and cancerous cells (481, 486). In addition, Nrf2 upregulation has been 

implicated in oxidative stress-induced endothelial dysfunction (487). Because Nrf2 

mediates gene expression resulting in both high NADPH production and the 

production, regeneration and utilization of GSH, Trx and Prx, upregulation of Nrf2 

leads to increased levels of these antioxidants after irradiation (0.25 - 20 Gy) in 

lymphocytes and glioma cells (488, 489). Of note, elevated levels of several 

mammalian Prx isoforms have been evidenced after a 10 Gy radiation exposure of 

mouse testis and liver, further enhancing cellular defense mechanisms (474, 490-

492). Both cumulative and acute radiation exposure can disrupt the cellular redox 

balance. However, oxidative stress only prevails when pro-oxidant levels eventually 

overwhelm cellular antioxidant systems, an event marked by enzyme inactivation, 

a low GSH/glutathione disulfide ratio and a decreased pool of low molecular weight 

antioxidants. The consequence of such redox imbalance is manifested by 

modifications of nucleic acids, lipids, protein, and other biomolecules (30, 475).  

If radiation doses are high enough to overwhelm cellular antioxidant responses, 

oxidative stress can induce mitochondrial dysfunction. As a consequence, 

radiation-induced oxidative stress that normally disappears within seconds after 

exposure (473) can lead to the initiation of a self-amplifying cycle, giving rise to 

long-term ROS production (493) and concomitant mitochondrial dysfunction (438). 

During this process, mitochondrial DNA seems to be particularly sensitive to 

oxidative damage because of its limited DNA repair capacity, lack of protective 

histones, a high exon to intron ratio and its close proximity to the electron transport 
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chain (494). In agreement, a range of studies demonstrated changes in 

mitochondrial function and number after exposure of cells or tissues to high doses 

of ionizing radiation (495-498). Doses of 5-20 Gy of γ radiation were found to induce 

a dose-dependent increase in ROS levels with a decrease in mitochondrial activity 

(499, 500). Furthermore, 15 Gy of X-rays induced persistent oxidative stress in 

endothelial cells, linked to mitochondrial dysfunction and premature senescence 

(501). Effects of low radiation doses have been less studied on mitochondrial 

dysfunction in endothelial cells. Doses of 1.5, 4 and 10 Gy were found to influence 

mitochondrial membrane potential in HUVECs 2 days after exposure. While 

mitochondrial potential reached back control level by day 5 and 6 in 1.5 and 4 Gy 

irradiated cells, respectively, 10 Gy resulted in persistently decreased 

mitochondrial activity (500) In another example, the respiratory capacity of cardiac 

mitochondria was significantly reduced 40 weeks after local heart irradiation of 

ApoE-/- mice with a single X-ray dose of 2 Gy (502). In addition, 0.1 and 0.5 Gy were 

found to reduce mitochondrial pathways in murine hippocampus and cortex (503).  

3.3.6. Premature endothelial senescence 

Aging of the vascular system predisposes the cardiovascular system to the 

development of diseases, even in the absence of other risk factors (504). On a 

cellular level, vascular aging corresponds to endothelial cell senescence (505, 506), 

a phenomenon that refers to irreversible arrest of endothelial cell renewal. At a 

molecular level, senescence is induced and maintained by p53 and p16-Rb 

pathways that inhibit cell cycle progression (Figure 22) (507). Both pathways are 

activated either during attrition of telomeres, referred to as replicative senescence 

(508, 509), or during stress situations independently of telomere shortening, 

referred to as stress-induced premature senescence (510). For instance, limited 

availability of nutrients and growth factors, chromatin perturbations, improper cell 

contacts and oxidative stress prematurely induce senescence (511). Oxidative 

stress is of special importance because it induces and accelerates senescence at 

multiple molecular levels: accelerated telomere shortening (511), induction of DNA 

damage leading to p53 activation (122), and NO scavenging decreasing its 

bioavailability (512), all leading to mitochondrial dysfunction (513).  
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Figure 22. Pathways involved in the induction of senescence. Senescence signals, including 
DNA damage, ROS and telomere attrition, can affect cell cycle progression by activating the 
p53 and p16-Rb pathways. From reference (514). 

 

Endothelial senescence is currently emerging as a contributor to the pathogenesis 

of atherosclerosis through ROS production, decreased NO availability and increased 

production of pro-inflammatory molecules IL-6, IL-1, IL-8, CCL2, ICAM-1 (513, 515, 

516). All these molecules indeed contribute to development and progression of 

atherosclerosis (468, 513), as indirectly evidenced by the presence of senescent 

endothelial cells in human atherosclerotic plaques (515). These results have to be 

taken with caution: identification of senescent endothelial cells suggests an 

association with atherosclerosis but cannot be used to evidence a causal 

relationship between endothelial senescence and development and/or progression 

of atherosclerosis. Considering that ionizing radiation induces oxidative stress (511, 

517), DSBs (518) and telomere shortening (517), it is not surprising that it 

constitutes a stressor that can evoke premature senescence in cells. Several in vitro 

studies demonstrated that high dose (4-50 Gy) radiation exposure (519-525) and 

chronic radiation exposure to low doses (526-528) induces premature endothelial 

cell senescence. 



81 

3.4. Models to study endothelial cells in vitro and in vivo 

3.4.1. In vitro endothelial models 

The first successful cultivation of endothelial cells was reported nearly 4 decades 

ago (529). Until recently, progress in the knowledge of endothelial pathophysiology 

has been mainly a consequence of investigations performed with endothelial cells 

in culture (530). A wide and diverse range of primary endothelial cell cultures exists, 

which are classified according to (i) their source, (ii) whether they were initially 

derived from arteries, capillaries or veins, and (iii) whether they are from the 

macrovascular or microvascular beds (531). The most commonly used primary cell 

culture is HUVECs because they are relative easy to obtain and exhibit endothelial 

properties intermediate between macro- and microvasculature (532). Other 

common primary endothelial cell cultures from human origin are human aortic 

endothelial cells (HAEC), human coronary artery endothelial cells (HCAEC), human 

iliac vein endothelial cell (HIVEC), human microvascular endothelial cell (HMVEC), 

human placental endothelial cell (HPEC) and human pulmonary aortic endothelial 

cell (HPAEC). Primary cell culture models of animal-derived endothelial cells also 

exist from bovine, murine and rodent sources. Examples include bovine aortic. 

endothelial cells (BAEC), bovine pulmonary artery endothelial cells (BPAEC), mouse 

aortic endothelial cells (MAEC), rat aortic endothelial cells (RAOEC) and rabbit aortic 

endothelial cells (RAEC) (532-535). Classification based on origin has been put in 

place to account for structural and functional heterogeneity of endothelial cells 

throughout the human vasculature. The endothelial phenotype can indeed differ 

depending on the organ of origin, the segment of the vascular tree and even 

between neighboring cells in the same organ and vessel type (536, 537). Endothelial 

cell heterogeneity is mediated by two mechanisms: differences in the endothelial 

microenvironment and epigenetics. As blood vessels are distributed throughout the 

human body, their endothelium is exposed to a wide variety of tissue 

microenvironments. Furthermore, site-specific properties are epigenetically fixed 

and do not change in respect to their extracellular environment (Figure 23) (538).  
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Figure 23. Microenvironment and epigenetics as a cause of endothelial cell heterogeneity. 
A. Endothelial progenitor cells are formed by hemangioblasts and are able to differentiate 
into endothelial cells of arteries, veins and capillaries. The hypothetical relative role of 
microenvironment and epigenetics in mediating cell type-specific phenotypes is shown. B. 
Nonheritable changes can be mediated in endothelial cells by factors from the 
microenvironment, by receptor-mediated posttranslational modifications of proteins (e.g. 
phosphorylation of a signal intermediate) and transcription factor-dependent induction of 
gene expression. C. Epigenetics mediate heritable changes in endothelial cell phenotype by 
DNA methylation (), histone methylation (CH3, ) and histone acetylation (red lines) that 
affect gene expression. The amount of methylation is regulated by methylases and 
demethylases, whereas acetylation of histones is controled by a balance between histone 
acetyltransferases (HAT) and histone deacetylases (HDAC) (538). 

 

Drawbacks of primary endothelial cell cultures are their limited replicative life span, 

loss of primary cell characteristics and responsiveness to stimuli and variation 

between different donors (532). As a consequence, the need for standardized 

experimental conditions and reproducible results led to the production of 
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immortalized, well-characterized endothelial cell lines that stably express a variety 

of endothelial cell properties (532). The most commonly used cell line is Ea.Hy926, 

created by the fusion of HUVECs with human lung carcinoma A549 cells (539). 

These cells overcome replicative senescence, but immortality often results in a gain 

of tumor cell traits and loss of the primary endothelial cell characteristics (532). This 

is in contrast to the ideal endothelial cell line that would retain all primary cell 

characteristics, such as ICAM-1 and VE-cadherin expression, with limited tumor cell 

traits (532). In this PhD project, Est2 telomerase-immortalized human coronary 

artery endothelial cells were used because they have a stable genome, were shown 

to have a similar response to ionizing radiation compared to their primary 

counterparts (519), have a normal cobblestone morphology,express key 

endothelial phenotypic markers, including PECAM-1 and VE-cadherin, and take up 

acetylated LDL (Figure 24). Our choice to use endothelial cells derived from 

coronary arteries was based on the in vivo observation that radiation exposure of 

the heart during radiotherapy (mean doses to the whole heart was 4.9 Gy [range 

0.03 - 27.72 Gy]) accelerates age-related atherosclerosis of coronary endothelial 

cells, leading to coronary artery disease (171). 
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Figure 24. Expression of endothelial phenotypical markers by Est2 telomerase- 
immortalized human coronary artery endothelial cells. A. Phase contrast of endothelial 
cells demonstrating cobblestone morphology. B. Immunocytochemical staining for PECAM-
1 (red), showing its location at intercellular endothelial junctions. C. Immunocytochemical 
staining for VE-cadherin (red), showing its location at the endothelial intercellular junctions. 
D. Uptake of acetylated-low density lipoprotein (Ac-LDL) by endothelial cells. Blue, nuclear 
staining (DAPI). Courtesy of Dr. Kenneth Raj and Dr. Donna Lowe. 

 

Although very useful, in vitro endothelial models are not representative of the in 

vivo situation. In recent years, advances have been made with the development of 

in vitro coculture and 3D models that mimic in vivo complexity. For the aim of 

studying different aspects of the pro-atherosclerotic phenotype, vascular 

cocultures provide interactions between endothelial cells and supportive VSMCs, 

pericytes, fibroblasts, monocytes and/or macrophages (540-543). Another level of 

complexity is added in 3D models, allowing to study cell‐to‐cell and cell‐

extracellular matrix interactions, as well as influences of the microenvironment 

(Figure 25) (544). Examples of 3D endothelial models are the vasculogenic model, 
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combining one type of endothelial cell with extracellular matrix-mimicking material 

(e.g. gelatin, matrigel), and spheroids that consist of heterogeneous spherical 

aggregates of endothelial cells with or without the addition of mural cells, which 

resemble a tube‐like structure (Figure 26) (544, 545). A drawback shared by these 

more advanced models and 2D cultures is that culture conditions are optimized to 

support fast endothelial proliferation rather than maintenance of a quiescent 

endothelial cell phenotype as can be normally found in vivo (406). In normal 

physiological conditions, endothelial cells are indeed almost all quiescent (546), 

owing to reversible growth/proliferation arrest due to contact inhibition that blocks 

mitogenic inactivity (547). Because radiation sensitivity varies throughout the cell 

cycle, with the late S phase being the most radiation resistant, this could influence 

cellular outcome after irradiation (116).  

 

Figure 25. Advantages and drawbacks of different endothelial cell types and culture 
systems. Primary endothelial cell cultures demonstrate a realistic proliferative and 
angiogenic behavious, but fail to be cost efficient. Purchase of endothelial cells gives 
reproducibility and comparibility in the data, but is a costly affair. While HUVECs are 
comparable to endothelial cells throughout the vascular tree, site-specific endothelial cells 
should be used when looking for site-specific reactions. Lastly, simple 2D cultures are 
reproducible and comparible, but fail to represent a realistic condition and the complexity 
present in the human body.EC, endothelial cells (531). 
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Figure 26. Spheroid-based in vitro model of a co-culture composed of endothelial and 
vascular smooth muscle cells. A. PECAM-1-specific green fluorescence on the surface of 
spheroids confirms the endothelial identity of the cobblestone-like cells. B. A cross-section 
of co-culture spheroids reveals that PECAM-1-positive endothelial cells (red) are mostly 
distributed at the spheroid border (548). 

 

3.4.2. Ex vivo and in vivo models 

The use of in vitro models provides a great deal of experimental control, but fail to 
replicate complex cell–cell and cell–matrix interactions that occur in vivo and play 
a central role in the pathogenesis of atherosclerosis. In order to bridge the gap 
between in vitro and in vivo research, ex vivo organ culture models can account for 
complex interactions. Ex vivo models can be used in the atherosclerosis field to 
elucidate vascular wall responses to pathophysiologic mechanical forces and 
biological processes thought to be involved in atherogenesis, including oxidative 
stress and cytokine production (549). In one of these models, explanted vessel 
segments of animal (commonly used are canine, bovine, porcine, rat and mouse) 
or human origin are put in tissue baths (37°C, oxygenated, physiological salt 
solution) and loaded onto myographs, able to record tension under isometric 
conditions (wire myographs) or diameter changes under isobaric conditions 
(pressure myographs; Figure 27) (549-551). Compounds can be added directly to 
the tissue bath, and vessel tension or diameter changes can be monitored. In this 
model, de-endothelialization can be applied to confirm the role of endothelial cells 
in the contraction of explanted vessels (552, 553). In the context of atherosclerosis, 
myography is mainly used to piece together the complex interaction of mechanical 
stresses in the vascular environment and oxidative stress (549). Blood vessel 
explants can also provide a more complete picture of angiogenic processes during 
aortic ring assays. When compared to the cell culture-based assays, these assays 
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have the advantage to allow analysis of cellular proliferation, migration, tube 
formation, micro-vessel branching, perivascular recruitment and remodeling (554). 
Because neovascularization plays a major role in plaque growth and instability, 
aortic rings assays have found there place in atherosclerotic research (555). In 
addition to myographs and ring assays, explants can also be kept in culture with or 
without addition of compounds to study their behavior in the context of 
atherosclerosis. Interestingly, a plaque culture model to study human 
atherosclerotic lesion biology ex vivo was recently described (556). Working with 
fresh human plaques obtained from patients undergoing endarterectomy (removal 
of atheromatous plaque material) or coronary artery bypass grafting, cut explants 
are stored in cell culture medium in addition to compounds of interest. After 
incubation, explants can be used in a variety of analytical techniques, such as 
polymerase chain reaction (PCR), immunohistochemistry, western blotting, flow 
cytometry and enzyme-linked immunosorbent assay (ELISA).  

 

Figure 27. Ex vivo blood vessel models. A. Typical set-up of a wire myograph. Blood vessel 
explants are mounted between two glass cannulae in a pressure myograph chamber. 
Arteries are continuously superfused with gassed physiological salt solution (PSS), in which 
compounds can be mixed. A video tracer system and dimension analyzer allows the 
continuous measurement of luminal diameter and left and right wall thickness (557). B. 
Typical set-up of a pressure myograph. Blood vessel explants are mounted on two wires, of 
which one is coupled to a micrometer screw to regulate basal wall tension and the other is 
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coupled to a force transducer able to measure changes in explant wall tension following the 
addition of compounds of interest (558). C. Phase-contrast images of aortic rings embedded 
in extracellular matrix, showing microvessel outgrowth (black arrows) (554). 
 

Better than ex vivo models, a number of animal models have been used for 

understanding the mechanisms involved in both induction and regression of 

atherosclerotic lesions. The ideal animal model of atherosclerosis should develop 

the various stages of the disease, from initial fatty streak to plaque rupture and 

thrombosis. In addition to close resemblance to the human condition, availability 

and affordability determines model selection. However, each of the current animal 

models has some limitations and only replicates part of the atherosclerotic process. 

The most common animal model of atherosclerosis is the mouse, thanks to its 

relative low cost, ease of housing, short reproductive cycle, availability of full 

genomic sequence and associated editing tools. Because wild-type mice are 

resistant to atherosclerosis due to low LDL plasma levels, genetically modified 

models were developed that include ApoE-/- and LDL receptor knock out mice (559, 

560). These models, however, do not demonstrate coronary lesions and plaque 

instability, making them useful to study atherogenesis only. Rabbit models develop 

atherosclerotic lesions either as a result of a high-cholesterol diet or after 

continuous intimal injury (e.g. balloon angioplasty) (561). Lesions resemble human 

plaques in respect to their inflammatory components, but are mainly formed by 

VSMCs. By comparison, porcine models spontaneously develop atherosclerosis, 

which can be accelerated by feeding pigs with an atherogenic diet, i.e., containing 

high amounts of saturated fat and cholesterol. They develop lesions in their 

coronary arteries and demonstrate a human-like lipoprotein profile (562-564). 

When diabetes is induced by injection of beta-cell cytotoxin streptozotocin in 

combination with a high fat diet, porcine plaques resemble those of human 

coronary arteries in all their complexity (565). However, these models are 

expensive, and only a limited number of genetic models are available (566). Lastly, 

non-human primates are also attractive models to study human atherosclerosis 

because they have human-like lipoprotein profiles, develop atherosclerosis 

spontaneously and even acquire myocardial infarctions (567). However, the high 

cost of experiments, difficulties in handling these animals and ethical issues hamper 

the use of non-human primates for atherosclerosis research (566, 567).  
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Differences between cell culture models, animal models and actual atherosclerosis 

in humans by no means indicate that studies using simple models should be 

discarded, nor does it mean that the molecular and biological mechanisms 

identified to be associated to pathophysiology are invalid. Data acquired with in 

vitro, ex vivo and in vivo models that mimic human atherosclerosis, however, 

require careful interpretation, recognition of their limitations and, whenever 

possible, confirmation on human material and/or in patients. Endothelial cell 

cultures and experimental atherosclerosis in animals allow rigorous testing of 

mechanistic hypotheses, but do not entirely mimic the human condition (181). 
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Aims of the study 

The ultimate goal of radiation-induced CVD risk research is to improve assessment 

and protection of cardiovascular-related health risks associated with exposure to 

ionizing radiation. CVD is known to occur at radiation doses higher than 0.5 Gy, as 

evidenced by epidemiological studies with atomic bomb survivors (151) and breast 

cancer patients (171) (Figure 28). Current understanding is that high dose radiation 

exposure is associated with age-accelerated atherosclerosis and defects to the 

heart microvasculature, eliciting CVD (145, 147). However, biological and molecular 

mechanisms remain elusive. Moreover, limitations of epidemiological studies also 

make it extremely difficult to directly quantify health risks for low-dose radiation 

exposure (12). As a consequence, researchers are deemed to rely on radiobiological 

evidence and biophysical arguments to verify the potential occurrence of radiation 

risks and to substantiate epidemiological evidence with molecular findings for 

radiation effects at low doses. The overall aim of our study was to identify 

molecular and phenotypic responses of endothelial cells to ionizing radiations. First, 

we aimed to identify molecular mechanisms potentially accounting for the CVD in 

irradiated endothelial cells. We focused on endothelial activation and dysfunction, 

two major events linked to the pathogenesis of atherosclerosis (181, 183). Second, 

in view of the increasing use of charged particle beams in radiotherapy (568), we 

aimed to determine if molecular mechanisms related to radiation-induced CVD 

depend on radiation quality. For this reason, the molecular effects of Fe ion 

irradiation on endothelial cells were compared to those elicited by X-rays. Our 

experimental data offer an insight into the molecular causes of radiation-induced 

CVD, which may constitute a basis for ultimately ameliorating radiation protection 

and for the development of countermeasures for radiation-exposed individuals. 
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Figure 28. Schematic representation of this PhD project aims. Epidemiological evidence suggests 
induction of CVDs linked to atherosclerosis above irradiation doses of 0.5 Gy, but does not provide 
molecular mechanisms nor information about possible dependency on radiation quality. Due to 
limitations of epidemiological studies, cardiovascular effects of radiation doses below 0.5 Gy are 
difficult to detect and still constitute a black box of the current radiation protection system. Our aims 
are to identify molecular mechanisms potentially accounting for the CVD in irradiated endothelial cells 
and to determine if these mechanisms depend on radiation quality. 
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Discussion and perspectives 

1. Dose-, time- and radiation quality-dependent changes in irradiated 

endothelial cells linked to a pro-atherosclerotic phenotype 

The necessity to provide adequate protection of mankind and the environment to 

hazardous effects of ionizing radiation exposure is at the core of the current 

radiation protection system (14). To optimally protect humans, however, a good 

understanding of radiation-related health risks and molecular mechanisms altered 

by irradiation is essential (569). In this regard, epidemiological studies provided part 

of the puzzle by obtaining evidence for increased cardiovascular risks above 0.5 Gy 

(151, 171, 172). However, these studies have low statistical power, lack the control 

of potential confounders and deal with uncertainty in dose assessments, making it 

difficult to draw any conclusion about cardiovascular risks following exposure to 

lower doses (166, 570). As a consequence, the impact of ionizing radiation on 

human health could be underestimated. If true, then exposed people would 

potentially be underprotected. Furthermore, biological mechanisms accounting for 

radiation-induced cardiovascular effects are unclear (570). In order to 

mechanistically validate these epidemiological studies and to ameliorate the 

radiation protection system if necessary, there is a need for molecular 

radiobiological research that can give insights into radiation-induced cardiovascular 

effects. 

In this PhD thesis, we aimed to better characterize molecular determinants of 

radiation-induced CVDs. Previous information suggested that ionizing radiation 

accelerates the development of age-related atherosclerosis in coronary arteries 

(145, 171), i.e., a pathological inflammatory process of the vascular wall 

characterized by loss of endothelial functions and vascular integrity (181, 183). We 

therefore irradiated Est2-immortalized human coronary artery endothelial cells 

with different doses of X-rays and Fe ions. Early after X-ray irradiation, microarray 

analysis and validation experiments showed activation of the DNA damage 

response associated with cell cycle repression, decreased endothelial cell 

proliferation and an increased inflammatory state. Identification of radiation-

induced endothelial activation is in agreement with other findings, explaining the 

molecular effects observed one day after endothelial exposure to high doses (≥ 5 

Gy) of ionizing radiation (338-341). Our study evidenced that inflammation is also 
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induced in endothelial cells exposed to lower radiation doses (0.5 and 2 Gy), and 

has a more chronic nature since it persisted up to 7 days after single dose 

irradiation. Interestingly, others observed that atomic bomb survivors also have 

signs of a general increased chronic state of inflammation, with increased levels of 

IL-6 and C-reactive protein in their blood (571). A question that arises from our 

study is: what caused the pro-inflammatory reaction in endothelial cells after 

radiation exposure? A plausible explanation would be the release of DAMPs by 

stressed and dying endothelial cells (335). Another explanation would be linked to 

radiation-induced chronic oxidative stress, which has been shown to induce 

endothelial activation by activating redox-sensitive transcription factors NF-κB, AP-

1 and Nrf2 (323-327). Inflammation plays a key role in the development, 

progression and final outcome of atherosclerosis (572). Our in vitro findings that 

endothelial inflammation occurs at low single X-ray doses is a first milestone 

indicating that low dose irradiation could constitute a health risk. Of course, this 

possibility must now be verified with more refined models. 

Fourteen days after exposure to a single X-ray dose, inflammation levels resumed 

to levels of sham-irradiated samples. At this time, however, we identified induction 

of premature endothelial senescence at all radiation doses tested. Radiation-

induced senescent can be due to persistent p53 signaling, as evidenced by our data 

at 1 and 7 days after exposure, which is usually associated with persistent DNA 

damage (573). In addition to radiation-induced activation of the p53 pathway, 

others identified reduced activity of the PI3K/Akt/mTOR pathway after 10 weeks of 

chronic low-dose rate exposure (4.1 mGy/h) of HUVECs, leading to p16 

overexpression associated with senescence induction (528). Furthermore, chronic 

inflammation, observed from day 1 until day 7 after X-ray irradiation in our model, 

can in theory be a cause of cellular senescence (574, 575). Briefly, chronic 

inflammation can cause cellular senescence by inducing the expression of p53 and 

related family members p21, p16 and p14 by persistent NF-κB activation and 

oxidative stress (576). However, this cannot explain induction of senescence at low 

X-ray doses, at which we did not observe endothelial activation. Identification of 

radiation-induced endothelial senescence at higher doses is in agreement with 

other findings. Chronic low-dose rate γ radiation (4.1 mGy/h) led to premature 

senescence in HUVECs by the induction of the p53/p21 pathway (577). Further 

analysis revealed PI3K/Akt/mTOR pathway inactivation, which can directly induce 

premature senescence by increasing the expression of p21 (528). At the gene 
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expression level of these cells, a role for IGFBP5 was identified, which is known to 

inhibit cell proliferation through a p53-dependent mechanism (526, 578). In 

addition, a dose of 10 Gy of X-ray to Est2-immortalized human coronary artery 

endothelial cells was found to induce premature aging by epigenetic activation of 

CD44 expression (519). Senescent endothelial cells are an emerging contributor to 

the pathogenesis of atherosclerosis (468) and have been shown to be present in 

human atherosclerotic plaques (515). Fundamental research with anti-senescent 

and anti-inflammatory drugs is thus needed to evaluate whether or not they could 

act as radioprotectors.  

Identification of a pro-atherosclerotic phenotype in X-ray-irradiated endothelial 

cells led us to wonder whether other radiation qualities could have similar effects 

in the context of particle radiotherapy and space missions. For this reason, we 

compared 2 Gy Fe ion-irradiated and 2 Gy X-ray-irradiated Est2-immortalized 

human coronary artery endothelial cells. Probably due to the higher RBE of Fe ions, 

we observed a more profound and longer lasting radiation response after exposure 

to Fe ions in comparison to X-rays. In contrast to X-rays, Fe ions indeed persistently 

repressed the expression of genes associated with cell cycle regulation, a finding 

also observed in other cell types exposed to high LET radiation (579, 580) and that 

is thought to be the consequence of complex, clustered, hard-to-repair DNA 

damage (581, 582).  

Both X-rays and Fe ions repressed transcriptional and proteomic changes 

associated with endothelial-monocyte adhesion pathways 7 days after exposure. 

While these changes could indicate an angiogenic activation of X-ray-irradiated 

endothelial cells, supported by independent observations (361, 583), this is less 

likely to be the case for Fe ion-irradiated endothelial cells that had la lower 

alteration of proteomic and transcriptomic pathways involved in cell proliferation. 

In accordance, 0.1 Gy of C ions was shown to decrease angiogenesis, partly by 

reducing the expression level or activity of angiogenesis-related molecules integrins 

and matrix metalloproteinases (584). Others identified that 1 Gy of Fe or proton 

radiation did not affect the early stages, but well the later stages, of vasculogenesis 

when endothelial cells migrate to form tubes (585). Furthermore, irradiation with 

0.5 Gy and 2 Gy of Fe ions mediated 34% and 29% loss of endothelial cells in the 

brain microvasculature, respectively, 12 months after exposure (586). The 

mechanisms by which high LET irradiation inhibits angiogenesis are to date 
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unknown (587). One explanation, however, is enhanced induction of cytogenetic 

damage, decreased cell proliferation and deteriorated mitochondrial activity seen 

in HUVECs when comparing 0.75 – 1.5 Gy of X-rays to 0.25 - 0.75 Gy of C ions (500). 

Changes associated with endothelial cell-cell adhesion are more likely to be due to 

compromised integrity of Fe ion-irradiated endothelial cells, as observed by others 

(586, 588) and supported by our findings that endothelial number and monocyte 

adhesiveness are decreased after high LET irradiation, in combination with signaling 

linked to increased cell death and reduced proliferation.  

Proteomics further revealed altered caveolar mediated endocytosis signaling after 

exposure to both X-rays and Fe ions. The principal component protein of caveolae, 

caveolin-1, plays a role in DNA damage response/repair and confers radiosensitivity 

(Figure 28). At least 4 lines of evidence support this conclusion. First, caveolin-1 

down-regulation resulted in a delayed resolution of γH2AX foci, but did not alter 

the early activation of the DNA damage response, as measured by phospho-ATM in 

human cells derived from breast, ovarian and prostate cancer as well as normal 

mammary epithelium (589, 590). It mediated a decrease in HR and NHEJ DSB DNA 

repair after irradiation, thus contributing to maintenance of genomic integrity (589, 

590). Effects of caveolin-1 on DNA damage repair might be related to accumulation 

of BRCA1 foci in the nucleus after DNA damage and to phosphorylation of protein 

kinase DNA-activated catalytic polypeptide (589, 590). Second, caveolin-1 is able to 

suppress cyclin D1 gene expression and inhibits the activity of the cdc25A promoter, 

resulting in a block in cell cycle progression (591). Third, protein levels of caveolin-

1 are upregulated at cellular confluence, where it is able to mediate contact 

inhibition by suppression of the cell cycle (592). Fourth, caveolin-1 interacts with 

various receptors and signaling molecules, i.e., G-protein-coupled receptors, 

receptor tyrosine kinases, integrins, steroid hormone receptors, and downstream 

molecules such as heterotrimeric G-proteins, ion channels and NOS (593). For 

example, caveolin-1 depletion in pancreatic cancer cells activated the JAK/STAT 

pathway that is involved in stress-induced proliferation and survival (590). 

Downregulation of caveolin-1 has also been shown to activate MAPK signaling 

pathways, resulting in cell survival and proliferation (592).  

Caveolin-1 is also crucial in the normal function of endothelial cells and reduced 

levels can be linked to endothelial activation, dysfunction and increased 

radiationsensitivity. First, caveolin-1 inhibits angiogenesis by reducing eNOS activity 
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(594) and vascular endothelial growth factor receptor (VEGFR) activity (595). As a 

consequence, caveolin-1 knock down resulted in impaired endothelial cell 

migration, tube formation, cell sprouting from aortic rings, tumor growth, and 

angiogenesis (596). Second, loss of caveolin-1 expression was reported to result in 

increased endothelial radiosensitivity by increasing radiation-induced apoptosis 

and reducing clonogenic survival (597). Third, angiogenesis activators and inhibitors 

decrease and increase the expression of caveolin-1, respectively, indicating that it 

is an important element that controls endothelial cell proliferation (598). Fourth, 

caveolin-1 overexpression in ApoE-/- mice has been shown to accelerate 

atherosclerosis development and progression by reducing endothelial cell 

proliferation, migration and NO production, and increased expression of VCAM-1 

(599). Others also identified diminished LDL endocytosis and decreased VCAM-1 

protein levels due to reduced signaling via the NF-κB inflammatory pathway in 

HUVECs overexpressing caveolin-1 (600, 601). In addition, endocytosis regulates 

endothelial adhesion through cadherin endocytosis, affecting adherens junction 

turnover in endothelial cells (602-604). Because caveolin-1 enhances DNA damage 

response/repair, blocks cell cycle progression and modulates cell survival 

pathways, it could also play a role in the response to radiation. Accordingly, 

caveolin-1 was found to be upregulated in human bronchial carcinoma cells 20 - 40 

minutes after exposure to 4 Gy of X-rays (605). Ionizing radiation also induced 

caveolin-1 expression and the formation of caveolin-1-positive caveolae in 

pancreatic cancer cells 12 and 24 h after exposure to 2 and 6 Gy of X-rays (606). 

Similarly, malignant glioma cells exposed to 10 Gy of X-rays underwent a 4.5 fold 

increase in caveolin-1 expression (607). However, caveolin-1 levels were found 

reduced at 96 h and 10 days after exposure in 10 Gy X-ray irradiated endothelial 

cells, which was linked to endothelial cell death and reduced clonogenic survival 

(597). It is evident that, based on our findings, functional validation of irradiation-

altered endothelial adhesion and caveolar mediated endocytosis is now needed. 



 

156 

 
Figure 28. Overview of the wide range of caveolin-1 mechanisms, related to radiation 
sensitivity and cardiovascular disease. Caveolins (blue binding linkers) are integrated 
plasma membrane proteins, present in caveola, that are complex signaling regulators with 
numerous partners. By interacting with BRCA1, PRKDC, cyclin D1, CDC25A and affecting the 
JAK/STAT and MAPK signalling, caveolin is able to induce radiation resistance. In endothelial 
cells, caveolin is also linked to endothelian inflammation and reduced angiogensis, 
indicating its link with endothelial dysfunction and CVD. Figure is partly based on (608).  

 

Lastly, we report radiation quality-dependent effects on cytokine secretion by 

irradiated endothelial cells, and increased adhesiveness to monocytes. Briefly, X-

ray irradiation induced an inflammatory state characterized by elevated levels of 

IL-6 and IL-8 with increased monocyte adhesion, similar to what was previously 

observed by others at higher doses (5 – 10 Gy) and/or after chronic exposure (4.1 

mGy/h for 10 weeks) (571, 609-611). Unlike other observations using 2 and 5 Gy of 

Fe ions (612, 613), Fe ions in our hands induced no significant release of pro-

inflammatory cytokines by endothelial cells and decreased endothelial monocyte 

adhesion. This observation could be due to loss of endothelial integrity caused by 

Fe ion irradiation. 

In conclusion, our experimental work provides new knowledge on molecular 

events, potentially causes, of irradiation-induced CVD. When exposed to a single 

dose of radiation, endothelial cells indeed acquire a dose-, time- and radiation 

quality-dependent pro-atherosclerotic phenotype supported by transcriptional and 
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proteomic changes affecting cell cycling, senescence, inflammation, adhesion and 

endocytosis signaling. Our molecular data constitute an initial step in the 

exploration of these paradigms, and many more experiments are needed to 

confirm findings at molecular and functional levels and to explore these responses 

in different types of endothelial cells and in more complex in vitro, ex vivo and in 

vivo models. Although we did not identify whether or not a threshold exists 

between radiation dose and endothelial responses, we believe that our data could 

constitute a basis on which to build new knowledge in order to ultimately optimize 

radiation protection systems. 

2. Preclinical significance 

Our study evidenced the presence of a dose-, time- and radiation quality-

dependent pro-atherosclerotic phenotype in irradiated endothelial cells. This 

conclusion was drawn using immortalized human endothelial cells derived from the 

coronary arteries, which were chosen as a model based on previous data that 

evidenced induction of coronary artery disease by ionizing radiation (145, 171, 210, 

614). These immortalized endothelial cells were previously shown to retain the 

radiation responsiveness (519), genomic stability, and all major phenotypic markers 

of normal coronary endothelial cells. Human atherosclerosis is a chronic process 

(181) that can take up to 10 or more years to manifest after radiation exposure 

depending on the dose (148, 615). We therefore determined radiation-induced 

changes after short (1 day), intermediate (7 days) and long (14 days) timespans. 

Our data indicate that exposure to ionizing radiation induces initial endothelial 

activation and dysfunction, which can be linked to initiation of de novo and the 

progression of already existing atherosclerotic plaques. In our first study (365), X-

ray doses ranged from low doses of 0.05 Gy and 0.1 Gy, which corresponds to doses 

given during repeated coronary CT angiographs (range: 5 mSv to 30 mSv per 

trial(616)), to intermediate dose of 0.5 Gy, which corresponds to the dose received 

by endothelial cells during irradiation of normal tissues outside the treated volume 

of patients treated by radiation, and to a high dose of 2 Gy, corresponding to a 

single fraction dose of radiotherapy given to malignant tissues (171, 617). We 

believe that these doses are clinically relevant seeing the increasing use of CT scans 

(618) as well as an increase in the incidence of myocardial infarction worldwide 

(619). Comparatively, the mean dose delivered to the heart during left breast 

cancer therapy is estimated to be around 4-8 Gy, with part of the heart and 
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probably the left anterior descending coronary artery receiving more than a total 

dose of 20 Gy in some patients undergoing fractionated radiotherapy (171, 620-

622). To represent a normal physiological state of endothelial cells, we irradiated 

confluent endothelial cell cultures as they recapitulate the in vivo quiescent state. 

We did not use pro-inflammatory stimuli, such as TNF-α or LPS, to activate the cells 

prior to irradiation. Because our projects are part of the European 7th framework 

ProCardio project, our findings are intended to be integrated with other in vitro, in 

vivo and epidemiological data in order to increase the current understanding of 

radiation-induced CVDs. 

Of important note, care should be taken about the clinical significance of our 

findings. Irradiation in our models was delivered to confluent cells, during which 

cell-cell contact normally induces a quiescent state. However, due to the presence 

of growth factors in media, cell division was maintained at a low rate and the 

resulting overconfluent state was not adapted for long term cultures. The maximal 

life-time of a confluent endothelial cell culture in our hands was 14 days, after 

which viability significantly decreased. Thus, in contrast to atherosclerosis that 

takes years to develop, we could only study mechanisms associated to 

atherosclerosis initiation and progression in a limited time frame. As endothelial 

cells do not readily divide in the human body (546) and proliferating cells are 

believed to be more sensitive than quiescent cells (116), cellular division in our 

endothelial models could also influence radiation outcome, Furthermore, studying 

a limited number of radiation-induced endothelial-derived factors in vitro evidently 

does not explain all the molecular mechanisms of a multifactorial and complex 

pathological condition such as atherosclerosis. Given the complex interactions of 

endothelial cells with other cell types in their microenvironment (e.g. fibroblasts, 

pericytes, VSMCs and circulating cells), our study does not appreciate all the 

molecular events leading to CVDs. In addition, our experimental data are relevant 

only to single radiation dose exposure within the available dose range, whereas 

dose fractionation is most often used in radiotherapy setting (617). Based on 

preliminary findings in our group, when the total dose given to endothelial cells is 

fractionated, this ameliorated the outcome of radiation exposure as cells have time 

to repair the induced cellular damage (Figure 29). Moreover, we cannot exclude 

differential effects at doses higher than 2 Gy after a single dose irradiation. Based 

on the literature, one we can postulate that higher irradiation doses worsen cellular 

outcome after irradiation, leading to a higher probability to develop 
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atherosclerosis. For example, when compared to low doses, a single fraction of high 

doses (> 8 -10 Gy) of ionizing radiation has been shown to primarily induce 

endothelial cell death via ceramide-based mechanisms (443, 623).Lower dose 

effects (< 8 – 10 Gy) are more subtle and activate different pathways (386, 624). 

Previous work of our group showed that 5 Gy of X-rays induces more apoptosis and 

aberrant cellular morphology than a single dose ≤ 0.5 Gy (449). In respect to 

irradiation beam quality, while Fe ion irradiation is a type of high LET radiation 

relevant for the space environment, it is not used for particle radiotherapy due its 

tendency for fragmentation, high LET values at entrance channel and the need for 

enormous accelerators to produce them. Nonetheless, they can provide valuable 

insights into the general effects of high LET exposure in endothelial cells. Of note, 

due to limited time access to an Fe ion irradiator, we could not yet validate the 

proteomic and transcriptomic data reported in results chapter 2. We believe that 

our findings nevertheless give a first line of understanding of radiation-induced 

endothelial effects necessary to evaluate protection of radiotherapy patients and 

astronauts in space. 

 

Figure 29. Dose fractionation results in reduced foci formation and apoptosis in EA.hy926 
cells. A. Fractionation of a total dose of 1.5 Gy of X-rays leads to reduced levels of nuclear 
γH2AX foci 30 min after radiation exposure, as measured by immunocytochemistry. Data 
show boxplots ± minimum and maximum of all data (n = 4). B. Radiation dose fractionation 
induces less apoptosis in comparison to unfractionated higher dose, as measured with 
flowcytometric annexin-V/propidium iodide double staining (n = 6). Data show means ± 
SEM. * p < 0.05 using two-sided t-test (Kruskal-Wallis). Time between repeated irradiation 
was 4 h. Data collected by Nerea Talavera Moreno. 
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In conclusion, we identified a dose-, time- and radiation quality-dependent pro-

atherosclerotic phenotype induced by irradiation that can form a foundation on 

which to build new scientific knowledge in order to understand how ionizing 

radiations can induce CVD. With follow-up studies, this might in turn lead to the 

development of risk-reducing strategies, such as identification of pharmaceutical 

agents or detection methods (e.g. biomarkers) to prevent radiation-induced CVD. 

Future research may thus ameliorate the current radiation protection system, 

alleviating radiation-induced CVDs in exposed people. 

 

3 Endothelial cells are a critical target for radiation-induced atherosclerosis 

We focused on the endothelium as a key integrator of vascular risk and as the 

critical target of ionizing radiation. Endothelial activation and dysfunction are 

initiators of atherosclerosis, which, together with the response-to-injury theory 

that prevails in radiobiology, explained the occurrence of radiation-induced CVDs 

since many years (625-627). This view is based on in vitro and in vivo findings (628-

630). However, the entire microenvironment of the endothelium is evidently 

irradiated as well and has the potential to be damaged by ionizing radiation. When 

comparing radiation sensitivity at doses between 2.5 and 20 Gy, it was observed 

that endothelial cells are more sensitive than VSMCs and fibroblasts (631-633). 

These cells do undergo the same acute irradiation effects as endothelial cells, such 

as a dose-dependent DNA damage, cell cycle block and micronuclei formation (395, 

634-641). Conversely, fibrosis and SMC hypertrophy can also be a consequence of 

endothelial dysfunction (145, 147, 177), and fibrosis arrhythmia in heart known 

consequences of endothelial damage in the cardiac microcirculatory system (143, 

642). Interactions between different cell types could further influence the response 

to ionizing radiations. For example, endothelial cells were shown to induce a more 

proliferative and fibrogenic phenotype in VSMCs after irradiation (341, 643). In 

conclusion, while different cell types in the vascular system determine the final 

outcome of blood vessel irradiation, the endothelium is able to process pathogenic 

signals that may converge to several common pathways in the genesis of CVD (313). 
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4. Future directions of research in the field of irradiation-induced atherosclerosis 

4.1. Novel targets 

In this work, we identified dose-, time-, and radiation quality dependent 

involvement of DNA damage, cell cycle blockage, inflammation, premature 

senescence, cell-cell adhesion and caveolar mediated endocytosis signaling in the 

endothelial cell response to ionizing radiation. These effects observed in vitro could 

provide a link between endothelial damage caused by irradiation and initiation 

and/or progression of atherosclerosis in vivo. However, it is a long way to bridge in 

vitro data to actual human responses to ionizing radiation. Differences in 

transcriptomics and proteomics related to cell-cell adhesion and caveolar mediated 

endocytosis should be initially validated with independent samples, including with 

different endothelial cell types. Furthermore, more complex in vitro cultures (2D 

and 3D coculture systems and spheroids containing perivascular cells such as 

fibroblasts and VSMCs), ex vivo and animal studies are needed, as they provide a 

step-forward in the translation of in vitro findings to the human situation. Care 

should be taken to select adapted animal models. In this context, porcine models 

are interesting as they spontaneously demonstrate atherosclerosis with a 

pathophysiology resembling that of humans. Using these models is, however, 

rather expensive. Candidate biomarkers related to the pathways that we identified 

in this study should be assessed in humans as well.  

4.2. Biomarkers 

Identification of biomarkers for radiation-related CVD would be of clinical value. A 

main interest lies in the detection of a panel of specific biomarkers that would 

enable early detection of radiation-induced CVD before the presentation of 

symptoms, with the possibility for early treatment and prevention (644, 645). Due 

to the multifactorial nature of CVD and the subtle effects of low dose radiation 

exposure, this aim has proven to be difficult to reach (644, 645). Because no single 

biomarker identified so far is specific of radiation-induced CVD, a panel of 

biomarkers should be assembled that would be specific and sensitive enough to 

detect radiation-induced defects. To increase its clinical utility, this panel should be 

obtained via easy manners of sampling, such as blood or saliva collection (644, 645). 

Although specific biomarkers were not identified in our project, several pathways 

were identified that may provide biomarkers upon further research. An interesting 
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tool to study endothelial function in patient blood samples is the detection of 

endothelial microparticles, heterogeneous (0.1-5 μm) vesicular structures derived 

from plasma membranes of activated or dying endothelial cells (646, 647). 

Structural and functional characterization of these microparticles after radiation 

exposure can prove valuable as they are also linked to chronic diseases such as 

coronary artery disease, diabetes and hypertension (648). In this context, the 

number of endothelial microparticles in 2D and 3D models was found to be 

increased after 5 Gy of X-rays (432), whereas others only identify a slight increase 

(649). Because these microparticles contain parts of the endothelial cytoplasm and 

cellular membrane, it would be interesting to explore content of inflammatory and 

senescence markers as a possible use as biomarker for radiation-related CVD. 

Traditional markers for cardiovascular disease risk already applied in the clinics 

should be tested as well. Examples of such biomarkers are lipoprotein A, 

apolipoprotein A1, apolipoprotein B, fibrinogen, N-terminal-pro-B-type natriuretic 

peptide, LDL-associated phospholipase A2, cardiac troponins I and T, C-reactive 

protein and the urine albumin/creatinine ratio (650). In addition to early detection, 

biomarkers could also in theory be used for implementation of strategies to reduce 

radiation-induced CVD risk by individual risk characterization and the development 

of countermeasures (644, 645).These strategies might prove valuable for exposed 

individuals, not only radiotherapy patients but also occupationally exposed 

individuals, radiologists and interventional cardiologists. Furthermore, biomarkers 

can be utilized in molecular epidemiological studies in order to improve the 

understanding of the pathogenesis and the risk estimation of radiation-induced 

circulatory disease at low doses (570). 

4.3. Pharmaceutical agents 

Radioprotectants can protect irradiated individuals against the development of 

detrimental radiation effects. This could be of importance for cancer patients 

undergoing radiotherapy, and also for accidentally or occupationally exposed 

individuals receiving smaller doses of ionizing radiation. Several radioprotective 

strategies exist, from reducing the amount of oxidative stress to maintaining 

genomic integrity in the affected cells (651-653). When used to reduce normal 

tissue toxicity during radiotherapy, care should be taken that the radioprotectant 

is selective for protecting normal tissues but not tumors, can be delivered with 

relative ease and with minimal toxicity and is able to protect normal tissues that 
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are considered to be the most sensitive (651). Due to organ and tissue-specific 

factors that include radiation sensitivity, cellular turnover rate and differences in 

mechanisms of injury manifestation and damage response, successful development 

of radioprotectants should address these site-specific differences (652).  

While a number of compounds meet most or all of these criteria in preclinical 

studies or in early clinical trials (651), to date only amifostine is approved for clinical 

prevention of mouth dryness during fractionated radiotherapy (654, 655). 

Amifostine is a prodrug that needs to be dephosphorylated to its active form WR-

1065 by intracellular membrane-bound alkaline phosphatases, (656). Once 

dephosphorylated, the agent acts as a free radical scavenger targeting e.g. 

superoxide and nitric oxide (651). It has a preference for normal versus tumor 

tissues (657), presumably due to tumor acidosis, aberrant tumor blood flow and 

lower expression of alkaline phosphatase by tumor blood vessels (658). Amifostine 

has been shown to provide radiation protection to in vitro human microvascular 

endothelial cells after exposure to a single dose of 10 and 20 Gy (659, 660), murine 

salivary glands after exposures to 100-141MBq Technetium-99 (661). In addition, 

amifostine is also able to protect against formation of acute radiation-induced 

dermatitis (662), nephrotoxicity (663) and esophagitis(664) in patients. By changing 

the redox state of endothelial cells, it can also inhibit endothelial activation by 

attenuating NF-κB activation (665). It also has anti-angiogenic effects by reducing 

the expression and activity of VEGF (666-669), and has proven useful in the context 

of radiation-induced CVD as it reduces radiation-induced fibrosis, restores cardiac 

output and abolishes the effect of ionizing radiation on coronary an aortic flow in 

the irradiated rat heart, abolishing most of these effects after high single dose 

exposure (up to 22.5 Gy) (670). Unfortunately, current data do not support its use 

in chemoradiotherapy (654), and concerns about tumor protection and normal 

tissue toxicity have led to controversy regarding appropriate setting for its use 

(671). As amifostine experimentally showed some potential benefit in preventing 

morphologic and functional deterioration of the cardiovascular system, future 

research is warranted to demonstrate its clinical usefulness in the context of 

irradiation-induced CVD. 

We also evidenced endothelial activation after radiation exposure, leading to 

elevated levels of secreted IL-6 and CCL2. Interestingly, amifostine reduces NF-κB 

activity in endothelial cells, thereby attenuating their pro-inflammmatory 
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phenotype (665). Another option for radioprotection is to use non-specific anti-

inflammatory drugs, such as methylprednisolone and ibuprofen. Both were shown 

to reduce radiation-induced heart disease in rabbits, but studies on their clinical 

usefulness are still lacking (672). In one of our ongoing studies, hydrocortisone 

showed potential to decrease irradiation-induced endothelial senescence, which 

might be linked to inhibition of endothelial inflammation (673). Besides general 

anti-inflammatory drugs, IL-6 and CCL-2 levels could also be reduced directly by the 

use of blocking antibodies. Siltuximab is a chimeric anti-IL-6 monoclonal antibody 

in phase I and II clinical trials for adjuvant treatment of multiple myeloma (674) and 

prostate cancer (675). It holds promise as an adjuvant cancer therapy, and may also 

prove valuable for protecting the heart and its vessels from radiation-induced 

defects. Carlumab, an anti-CCL2 monoclonal antibody, is also currently tested as an 

anti-inflammatory agent in clinical trials in patients with prostate cancer (676, 677). 

This monoclonal antibody is well-tolerated by patients, but only decreases free 

CCL2 serum concentrations for a brief duration, after which it stimulates CCL2 

secretion to levels exceeding those before delivery (rebound effect) (677). As an 

alternative to CCL2 inhibition, it would be wise to target CCL2 receptors or 

downstream intracellular signaling intermediates (677). It is crucial, however, to 

verify that anti-inflammatory therapies do not influence the antitumor response by 

changing the composition of the tumor inflammatory microenvironment that has a 

pivotal influence on disease outcome (678).  

Finally, our data indicate that X-ray radiotherapy can induce endothelial 

senescence. Because senescence can cause tissue dysfunction, blocking radiation-

induced senescence has the potential to preserve normal tissue biological activities 

(679). In the context of radiation-induced increase in IGFBP7 secretion by 

endothelial cells, abrogation of insulin-like growth factor-1 receptor (IGF-1R) 

signaling has been shown to prevent irradiation-induced primary endothelial cell 

senescence (680). In addition, IGF-1R-targeting monoclonal antibodies and small 

molecule tyrosine kinase inhibitors against the IGF-1R pathway are in phase I and II 

clinical trials for patients with non-small cell lung cancer, breast cancer, and 

pancreatic cancer (681, 682). The PI3K/Akt/mTOR pathway is also involved in 

endothelial senescence (526, 528, 577) and could be targeted therapeutically. For 

instance, pharmacological inhibition of mTOR in epithelial stem cells has been 

shown to be sufficient to prevent radiation-induced senescence (683). Statins, 

which are known for their cholesterol-lowering action, can also prevent endothelial 
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senescence (684, 685). To determine whether statins could reduce radiation-

induced endothelial senescence, we recently tested atorvastatin. We observed 

signs of decreased endothelial senescence, but these data are too preliminary to 

reach significance. Of note, some clinical evidence also suggests beneficial effect of 

a statins on the treatment of prostate (686), liver (687), colorectal (688) cancer, 

although exact mechanisms and targets are to date unknown. Randomized, 

placebo-controlled clinical trials are warranted because available data are largely 

derived from observational case-control studies (686). 

The use of pharmaceutical agents to protect or mitigate normal tissues from 

damage after radiation exposure may have the ability to minimize radiation toxicity 

for patients and may provide a treatment option for accidentally exposed 

individuals. Important considerations in the development of these agents are 

evidenced efficacy, absence of tumor protection and acceptable toxicity levels (652, 

689). As chronic treatment with amifostine, ibuprofen and other drugs listed above 

induces severe normal tissue toxicity (671, 690), their clinical applicability should 

be restricted to the treatment of radiation-induced injury. As a consequence, the 

best approach to minimize the impact of radiation toxicity on the quality of life in 

patients still remains preventive strategies (652, 689). In respect to irradiation-

induced CVD, radiotherapy treatment should be accompanied by a reduction in 

lifestyle-associated CVD risks for patients. Strategies should be individually tailored 

and should focus on the implementation of a healthy diet, increasing physical 

activity, smoking cessation, limited alcohol use, treating hypertension, lowering too 

high total cholesterol levels and losing weight when having a high BMI (691-693). 

4.4 Impact on clinical practice and radiation protection system 

Our data on the dose-, time- and radiation quality-dependent molecular changes of 

the endothelial cell response to ionizing radiation could prove valuable for the 

clinical practice in the future. The identified involvement of DNA damage, cell cycle 

blockage, inflammation, premature senescence, cell-cell adhesion and caveolar 

mediated endocytosis signaling could urge new research projects aimed at better 

detailing the endothelial cell response to ionizing radiation and its relation to 

ionizing radiation-related CVDs, especially at low doses. Our findings after 

independent confirmation could also be used to identify druggable targets in order 

to prevent the occurrence of CVD after accidental, occupational or therapeutic 



 

166 

exposure to ionizing radiation. Although we cannot conclude from our data that 

there is no threshold effect of irradiation-induced cardiovascular risk, our findings 

give an incentive for further research on the shape of the dose-response curve. 

However, a lot of unanswered questions need to be answered before one can speak 

of a proper radiation protection system. Open questions notably are: which dose 

of ionizing radiation requires protection? In which case is it justified to use a high 

therapeutic dose of ionizing radiation? Is there a patient heterogeneity in respect 

to the development of irradiation-induced CVD? 

5. General conclusion  

The molecular mechanisms accounting for the cardiovascular effects observed 

after ionizing radiation exposure are not completely ubderstood and need to be 

elucidated ito optimize the current radiation protection system. We show that 

ionizing radiation induces pro-atherosclerotic processes in endothelial cells in a 

dose-, time- and radiation quality-dependent manner. Functional gene analysis 

revealed cell cycle changes and inflammation in endothelial cells irradiated with a 

single X-ray dose. In addition, premature endothelial senescence at later time 

points was evidenced even at low doses. Dedicated gene and protein analysis 

indicated a more pronounced and longer lasting radiation impact for Fe ions than 

for X-rays, linked with loss of endothelial integrity and signaling in caveolar 

mediated endocytosis signaling and endothelial adhesion. These findings may form 

the basis for new experimental research into the molecular mechanisms underlying 

the pathogenesis of radiation-induced CVD. 
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Annex 2. Online supplementary data related to Results Chapter 1: “Functional 

gene analysis reveals cell cycle changes and inflammation in endothelial cells 

irradiated with a single X-ray dose”, by Baselet B et al., Front. Pharmacol. 

2017;8:213. 

Supplemental data 1. Transcriptomic comparison of irradiated and sham-

irradiated Est-2 immortalized human coronary artery endothelial cells at day 1, 

day 7 and day 14 after a single dose of 2, 0.5, 0.1 and 0.05 Gy. Raw data with 

accession number E-MTAB-5054 are available online at 

http://www.ebi.ac.uk/arrayexpress.  

Supplemental data 2. Gene ontology enrichment analysis of irradiated and sham-

irradiated Est-2 immortalized human coronary artery endothelial cells at day 1, 

day 7 and day 14 after a single dose of 2, 0.5, 0.1 and 0.05 Gy. Raw data with 

accession number E-MTAB-5054 are available online at 

http://www.ebi.ac.uk/arrayexpress. 
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Supplementary table 1. Differentially expressed genes in TICAE cells irradiated with a single X-ray dose of 2 Gy.* 

Day 1 Day 7 Day 14 

2 Gy vs. 0 Gy 2 Gy vs. 0 Gy 2 Gy vs. 0 Gy 

Probeset 

ID 

Gene symbol Fold 

change 

Probeset 

ID 

Gene symbol Fold 

change 

Probeset 

ID 

Gene symbol Fold 

change 

16767115 RPSAP52 3.01 16698947 RNU5A-8P 8.96 16787362 RN7SKP255 3.60 
16735751 LYVE1 2.96 

17022133 LINC00577 4.01 16992789 
RP11-
843P14.2 3.18 

17039299 HLA-B 2.77 17100711  3.65 16997676 MTRNR2L2 2.73 
16753853 MDM2 2.73 16787362 RN7SKP255 2.59 16744154 RP11-25I9.2 2.42 
17022133 LINC00577 2.60 16876431  2.48 16818543  2.38 
17005167 RNU6-190P 2.58 16782050 MGC40069 2.42 17074080  2.33 
16988913 RNU6ATAC10P 2.50 16775583 RNY3P7 2.39 16782050 MGC40069 2.31 
16744154 RP11-25I9.2 2.49 16988913 RNU6ATAC10P 2.36 17005167 RNU6-190P 2.31 
16966279 RNA5SP160 2.41 16735751 LYVE1 2.33 16974115  2.23 
16831787 

 
2.35 16974115  2.30 16776021 RNU6-83P 2.23 

16787362 RN7SKP255 2.34 16976012  2.18 16988913 RNU6ATAC10P 2.06 
16974115 

 
2.33 16660734 MIR378F 2.16 16996800  2.03 

16823889 MIR548H2 2.32 17051553 CPA4 2.11 16900737  2.01 
16998510 

 
2.26 16831787  2.08 17094586  2.00 

16726880 NEAT1 2.20 17005167 RNU6-190P 2.05 16862604 CD79A 1.94 
16776616 SOX1 2.18 16721566 RP11-324J3.1 2.03 16697654 MIR181A1HG 1.86 
17014959 LOC102723922 2.15 17016383 HIST1H4D 1.98 16833917 LRRC3C 1.84 
17074080 

 
2.10 16698714  1.94 16920528  1.84 

16848055 
 

2.10 16967875 PARM1 1.91 16921827 MIR155HG 1.83 
16696425 TNFSF4 2.08 16774053 CCNA1 1.90 16991667  1.82 
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3 

16660734 MIR378F 2.05 17074080  1.90 16819792 RNA5SP428 1.81 
16880254 RNU6-634P 2.01 16744154 RP11-25I9.2 1.89 17063005 PLXNA4 1.81 
16897446 RNU6-439P 1.97 17059119 SEMA3C 1.87 16900709  1.79 
16858310 MIR4748 1.96 16917849 THBD 1.85 16719786  1.78 
16966685 SPATA18 1.94 17043843 TSPAN13 1.85 16734793 OR51E2 1.70 
16983742 RNU6-760P 1.92 16875763 UBE2S 1.84 16686037 RP5-994D16.9 1.69 
16877451 

 
1.91 16776021 RNU6-83P 1.84 16785151 RNU6-1162P 1.64 

16782050 MGC40069 1.91 16903140 CXCR4 1.81 17061532 SYPL1 1.64 
16997676 MTRNR2L2 1.91 16904425 GRB14 1.79 16722162 PARVA 1.64 
16996956 

 
1.90 17076726 PLAT 1.79 16681884 HNRNPCL2 1.64 

16829505 
 

1.90 16966855 KIT 1.79 16782102 TRAJ10 1.62 
16701877 PITRM1-AS1 1.90 17087758 NIPSNAP3A 1.78 17027679 DPCR1 1.62 
17042857 AC091729.8 1.87 16660713  1.77 16908112 AC012668.3 1.62 
17073066 RNA5SP278 1.86 16842219  1.76 16796406  1.57 
16776021 RNU6-83P 1.85 16979985 MGARP 1.76 16828833  1.57 
17047918 CROT 1.85 16702172  1.76 16856172 RNA5SP462 1.57 
17084164 RP11-298E2.2 1.85 17027679 DPCR1 1.76 16943241 COL8A1 1.56 
16784135 RNA5SP385 1.83 16997676 MTRNR2L2 1.76 16827041 CDH11 1.55 
16721371 

 
1.83 16788630 SNHG24 1.75 16819736  1.53 

17072723 RNU1-106P 1.82 16884301 AC123886.2 1.73 16897446 RNU6-439P 1.53 
16783494 SLC25A21-AS1 1.82 17010173 RNU6-411P 1.72 16682175 SPATA21 1.52 
16828833 

 
1.81 16897159 SIX2 1.72 16849623 MIR4739 -1.50 

16661811 
 

1.80 16833204 CCL2 1.71 16684579 MIR4254 -1.53 
16683925 SLC9A1 1.80 16961637 NCEH1 1.70 16952769 CDCP1 -1.55 
16681451 RP3-510D11.1 1.79 16993385  1.69 16963428 MFI2 -1.56 
16894673 AC008278.3 1.78 16930021 MIR4534 1.67 16875968  -1.58 
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16993385 
 

1.77 16828833  1.66 16979900  -1.60 
16681370 ENO1 1.76 16988423 PRR16 1.64 16988984 PDLIM4 -1.60 
16956613 

 
1.73 17100771  1.64 17027504 MIR877 -1.61 

16707923 
 

1.72 16726880 NEAT1 1.63 16907621 MIR3130-1 -1.61 
16660309 RP3-340N1.2 1.72 16824564  1.63 16668572 CYMP -1.61 
16819792 RNA5SP428 1.72 16855600 CCBE1 1.63 16684080 IFI6 -1.63 
17027679 DPCR1 1.72 17045838 IGFBP1 1.63 16780885 FAM155A -1.63 
16738933 VWCE 1.71 17081106 GSDMC 1.63 17016366 HIST1H2AB -1.65 
16683290 ZNF436 1.71 16696425 TNFSF4 1.62 16925461 AP000696.2 -1.67 
17081071 RNU4-25P 1.70 16702571 MCM10 1.62 16941998 SPATA12 -1.70 
16991527 CYFIP2 1.69 

16684080 IFI6 1.62 16731396 
RP11-
159N11.3 -1.88 

16963113 APOD 1.68 17016366 HIST1H2AB 1.60 16924097  -2.01 
16928988 TCN2 1.67 16719786  1.60 16989408 MIR4461 -2.23 
16833917 LRRC3C 1.67 16833297 FNDC8 1.60    

16700218 TRIM17 1.66 16857258 UHRF1 1.59    

17040387 HLA-A 1.66 16905436 LINC01116 1.59    

16923805 PCBP3 1.65 16996612 CTC-436P18.3 1.59    

17084959 
 

1.65 16762837 CAPRIN2 1.58    

16819736 
 

1.65 16725041 FAM111B 1.57    

17117604 GAS6-AS1 1.65 17110932  1.57    

16967875 PARM1 1.65 16698023 UBE2T 1.56    

17114007 APLN 1.64 17106067 VSIG1 1.55    

16797340 IGHE 1.64 16919962 SULF2 1.54    

16856172 RNA5SP462 1.64 16883690 IL1RL1 1.53    

16734339 MIR4298 1.64 17080749 ATAD2 1.53    

16719786 
 

1.64 16686834  1.52    
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17085196 ANKRD20A3 1.63 16686037 RP5-994D16.9 1.52    

16788725 MIR329-1 1.62 16861641 C19orf33 1.51    

16797444 
 

1.62 16757324 OAS1 1.51    

16698714 
 

1.60 16819213 MT1L 1.51    

17018720 TMEM217 1.60 16834056 CDC6 1.51    

16665932 GADD45A 1.60 16779546 DIAPH3 1.50    

16920528 
 

1.59 16868838 SPC24 1.50    

16921827 MIR155HG 1.59 16878416 BRE -1.50    

16774303 RGCC 1.59 16933044 ZNF70 -1.50    

16876497 
 

1.58 17005094 GMPR -1.51    

16824564 
 

1.58 17067496 CTD-2647L4.4 -1.51    

17079317 TP53INP1 1.58 16915245 APCDD1L-AS1 -1.52    

16919962 SULF2 1.58 16744205 ARHGAP20 -1.52    

16991667 
 

1.58 16934780  -1.52    

17014680 RP11-568A7.2 1.57 16732807 VWA5A -1.52    

16813199 MESP1 1.57 17071144 SDC2 -1.52    

16920315 NFATC2 1.56 16995715 LOC100506548 -1.53    

16996937 RNU6-724P 1.56 16685875 SLFNL1 -1.53    

16991942 RN7SKP60 1.56 16669796 TXNIP -1.55    

17099685 
 

1.56 16675045 HMCN1 -1.55    

16769569 NUAK1 1.55 17029003 HLA-C -1.55    

16661025 RNU6-110P 1.55 16838169 SNHG20 -1.55    

16953862 QARS 1.55 16756310 TCP11L2 -1.55    

16721280 TRIM22 1.54 17079248 KIAA1429 -1.56    

16776491 
 

1.54 17040387 HLA-A -1.56    

16884301 AC123886.2 1.54 16829426 DBNDD1 -1.57    

16859795 GDF15 1.54 16847676 GH2 -1.58    
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16734793 OR51E2 1.54 16840113 CXCL16 -1.58    

16860386 
 

1.53 16862284 LTBP4 -1.59    

16665796 SGIP1 1.53 16952769 CDCP1 -1.59    

17117542 
 

1.52 16789526 ZBTB42 -1.60    

17073358 RP11-
909N17.2 

1.52 
17088760 PTGS1 -1.60 

   

16864920 FAM90A27P 1.51 17059955 PDK4 -1.61    

17075014 MTUS1 1.51 16957396 CCDC80 -1.61    

16911139 PRND 1.51 16852573 NEDD4L -1.62    

16830914 PFAS -1.50 16959386 SLCO2A1 -1.62    

17087343 NCBP1 -1.50 16688615 SLC44A5 -1.63    

17072313 TBC1D31 -1.50 16761820 MGP -1.64    

16687464 
 

-1.51 16790744 SLC7A8 -1.65    

17102948 ZNF674-AS1 -1.51 16933030 GUSBP11 -1.65    

17117418 
 

-1.51 16876147 ZNF132 -1.66    

17062502 POT1 -1.51 16806538 GOLGA8R -1.66    

16829085 SLC7A5 -1.51 16669850 ITGA10 -1.67    

16959325 TOPBP1 -1.51 17092331 PTPRD -1.68    

16851397 RBBP8 -1.51 16942367 RNA5SP134 -1.72    

16978995 ELOVL6 -1.51 16686640 KNCN -1.73    

16871567 ALKBH6 -1.52 16675398 CFH -1.74    

16852445 C18orf54 -1.52 16802022 ZNF609 -1.82    

16699877 LBR -1.52 16671187 NPR1 -1.83    

17057413 SNHG15 -1.52 16757178 RP3-462E2.3 -1.87    

16728518 FAM86C1 -1.52 16760257 VWF -1.89    

16772625 POLE -1.52 16928293  -1.97    

16952769 CDCP1 -1.52 17046284 SUMF2 -2.17    



 

 

2
3

7 

17088185 PRPF4 -1.52 16780317 CLDN10-AS1 -2.26    

16732880 SPA17 -1.52 16761776  -2.29    

16988423 PRR16 -1.52 16667155 SNORD21 -2.37    

16942991 ARL13B -1.52 16938133 GALNT15 -2.40    

16883690 IL1RL1 -1.52       

16877888 EPT1 -1.52       

16831383 ADORA2B -1.53       

16683875 GPN2 -1.53       

16981506 HMGB2 -1.53       

16777384 SACS -1.53       

16722603 LDHA -1.53       

17111594 SPIN4 -1.53       

16663033 SMAP2 -1.53       

16929199 LOC54944 -1.54       

16662338 ZMYM1 -1.54       

16799517 KNSTRN -1.54       

17086987 PTPDC1 -1.54       

17097914 PHF19 -1.54       

16850477 TYMS -1.54       

17021521 RNGTT -1.55       

16731169 DLAT -1.55       

16959148 ASTE1 -1.55       

17016506 HIST1H4L -1.55       

16661806 RN7SKP91 -1.55       

16995705 RPL37 -1.55       

16678496 HIST3H2BB -1.55       

16753800 NUP107 -1.56       
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16683887 GPATCH3 -1.56       

17117581 LOC100128816 -1.56       

16830778 TMEM88 -1.56       

16970231 EXOSC9 -1.57       

16661117 CEP85 -1.57       

16744125 KDELC2 -1.57       

16910501 DTYMK -1.57       

16760162 C12orf4 -1.57       

16725049 FAM111A -1.57       

17025693 RP1-167A14.2 -1.57       

16848793 SLC25A19 -1.57       

16922495 CBR3 -1.57       

17092615 PSIP1 -1.58       

16932914 ZNF280B -1.58       

16748490 APOLD1 -1.58       

16973693 HAUS3 -1.58       

16757347 OAS3 -1.58       

16943919 C3orf52 -1.58       

17093724 ARHGEF39 -1.58       

16735545 NRIP3 -1.59       

16785631 EIF2S1 -1.59       

16755498 TMPO -1.59       

17051965 NUP205 -1.59       

17024227 REPS1 -1.59       

16664576 
 

-1.59       

17005535 
 

-1.59       

16909588 TIGD1 -1.60       
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17032533 HLA-DPA1 -1.60       

16838887 SLC25A10 -1.60       

16766719 METTL1 -1.60       

17014309 ACAT2 -1.60       

16877762 CENPO -1.61       

16908985 AP1S3 -1.61       

16747287 NCAPD2 -1.61       

16885028 TMEM177 -1.61       

16664118 NASP -1.61       

16829464 
 

-1.61       

17064105 EZH2 -1.62       

16907960 BARD1 -1.62       

16754917 C12orf29 -1.62       

16662945 MFSD2A -1.62       

16766137 TIMELESS -1.63       

16853042 TIMM21 -1.63       

16768579 CEP83 -1.63       

17117588 RP11-
669B18.1 

-1.63       

16977066 NUP54 -1.63       

16922584 CHAF1B -1.63       

16781482 PARP2 -1.63       

17086353 RMI1 -1.63       

16996645 DIMT1 -1.63       

16967031 PAICS -1.64       

16733104 CHEK1 -1.64       

16838359 BIRC5 -1.64       
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16757687 RFC5 -1.64       

17016043 MBOAT1 -1.64       

17092688 HAUS6 -1.64       

16935517 CENPM -1.64       

16699739 PARP1 -1.64       

16673983 DARS2 -1.64       

16818600 ORC6 -1.65       

16669212 TTF2 -1.65       

16960271 HLTF -1.65       

16987298 ANKRD32 -1.65       

17012632 ENPP1 -1.65       

16868576 DNMT1 -1.66       

17018685 PPIL1 -1.66       

17086193 PSAT1 -1.66       

16736807 CCDC34 -1.66       

16855820 RTTN -1.66       

16869624 DDX39A -1.66       

16954707 POC1A -1.67       

16973263 
 

-1.67       

17016383 HIST1H4D -1.67       

16697196 FAM129A -1.67       

16809596 RAB27A -1.67       

17102230 POLA1 -1.68       

16810933 TIPIN -1.68       

16779720 MZT1 -1.68       

16979060 ZGRF1 -1.68       

17084352 CYP4F26P -1.69       
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16729298 ACER3 -1.69       

16866951 LMNB2 -1.69       

16762661 PTHLH -1.69       

16906440 OSGEPL1 -1.69       

         

16668960 DCLRE1B -1.70       

16795304 CEP128 -1.70       

16846864 MMD -1.71       

16775014 CKAP2 -1.71       

16783644 PNN -1.71       

17100317 SAPCD2 -1.72       

16658987 
 

-1.72       

17049461 POP7 -1.72       

17004273 NQO2 -1.72       

16829764 GSG2 -1.72       

16885411 GPR17 -1.72       

17070381 LRRCC1 -1.72       

16837729 NUP85 -1.72       

16785316 MTHFD1 -1.73       

17009862 PRIM2 -1.73       

17093595 FANCG -1.73       

16803562 CHRNA5 -1.73       

16718022 PCGF6 -1.74       

16925239 DONSON -1.74       

16860418 CCNE1 -1.74       

16703452 PDSS1 -1.74       

17068385 GINS4 -1.74       
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16708097 R3HCC1L -1.75       

17103413 SUV39H1 -1.75       

16773840 BRCA2 -1.76       

17094998 C9orf40 -1.76       

16705074 TFAM -1.76       

16821869 CDT1 -1.77       

16833449 PIGW -1.77       

17069976 KCNB2 -1.77       

16823229 PKMYT1 -1.78       

16877956 CENPA -1.79       

16821239 CENPN -1.79       

16969473 GSTCD -1.79       

16845349 BRCA1 -1.80       

16766403 TMEM194A -1.80       

16769481 ALDH1L2 -1.81       

17009809 KIAA1586 -1.81       

16767851 E2F7 -1.81       

16808876 CEP152 -1.81       

17016503 HIST1H3I -1.82       

16774082 EXOSC8 -1.82       

16819678 GINS3 -1.83       

16756960 FAM216A -1.83       

17012888 PEX7 -1.83       

16755928 PARPBP -1.84       

16687618 DHCR24 -1.84       

16846218 HOXB2 -1.85       

16948021 ECT2 -1.85       
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16984032 SKP2 -1.85       

16919044 RBL1 -1.85       

17086784 CENPP -1.85       

16914315 UBE2C -1.86       

16875763 UBE2S -1.86       

16736638 E2F8 -1.87       

17112729 TIMM8A -1.87       

16832852 ATAD5 -1.88       

16842103 SHMT1 -1.88       

16667037 CDC7 -1.89       

16798810 
 

-1.89       

16929573 MCM5 -1.90       

16721535 ZNF215 -1.91       

16746379 NCAPD3 -1.92       

16692724 ANP32E -1.94       

17027710 TCF19 -1.95       

16835797 EME1 -1.96       

16783047 G2E3 -1.97       

16692632 HIST2H2BE -1.97       

17109211 FANCB -1.97       

16987125 POLR3G -1.97       

16985614 CENPH -1.98       

17086634 CKS2 -1.98       

17079220 RAD54B -1.98       

16665447 USP1 -1.98       

16792381 MIS18BP1 -1.98       

17076103 TEX15 -1.99       
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16729557 DDIAS -1.99       

16880057 CHAC2 -1.99       

16701689 
 

-2.00       

16667206 CCDC18 -2.00       

16750761 TROAP -2.00       

17002912 BOD1 -2.01       

16810543 KIAA0101 -2.01       

16920548 AURKA -2.01       

16725806 INCENP -2.02       

16664243 RAD54L -2.02       

16671503 CKS1B -2.03       

16992096 SPDL1 -2.03       

17020019 MCM3 -2.05       

16703478 MASTL -2.05       

17049714 LOC101927746 -2.05       

16817824 CORO1A -2.05       

16953279 CDC25A -2.06       

16947556 SMC4 -2.06       

17093397 KIF24 -2.07       

17016372 HIST1H1C -2.08       

17058617 RFC2 -2.08       

17016390 HIST1H2BG -2.08       

16986065 TMEM171 -2.08       

16745236 H2AFX -2.08       

16721126 RRM1 -2.09       

16829369 FANCA -2.10       

17068782 MCM4 -2.11       
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16755692 GAS2L3 -2.11       

17005560 HIST1H4I -2.12       

16931225 RIBC2 -2.12       

16774053 CCNA1 -2.12       

16913681 FAM83D -2.14       

17060412 MCM7 -2.14       

16687188 ORC1 -2.14       

16924966 MIS18A -2.15       

16962493 RFC4 -2.16       

16668079 GPSM2 -2.18       

16836492 PRR11 -2.18       

16687418 NDC1 -2.18       

16670383 HIST2H2AA4 -2.19       

16858386 LDLR -2.22       

16877473 GEN1 -2.22       

17012379 CENPW -2.22       

16815090 CCNF -2.22       

16858714 RNASEH2A -2.24       

16732960 CCDC15 -2.25       

16857258 UHRF1 -2.25       

16964000 TACC3 -2.26       

16669422 
 

-2.28       

16690067 SASS6 -2.29       

17005582 HIST1H2BF -2.30       

16775324 BORA -2.30       

16887810 ZAK -2.30       

17064679 XRCC2 -2.31       
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16773946 RFC3 -2.31       

16771067 CIT -2.33       

17005396 GMNN -2.33       

17057718 FIGNL1 -2.34       

16714504 ZWINT -2.35       

16957951 POLQ -2.36       

16909700 HJURP -2.36       

16918445 E2F1 -2.36       

17016509 
 

-2.37       

16758336 KNTC1 -2.38       

16760048 FOXM1 -2.39       

17077826 MYBL1 -2.39       

16832429 TMEM97 -2.39       

16804902 BLM -2.39       

16996722 CENPK -2.44       

16736891 KIF18A -2.44       

16931384 GTSE1 -2.45       

16918976 DSN1 -2.46       

17086167 CEP78 -2.47       

16804631 TICRR -2.48       

17080749 ATAD2 -2.49       

17024980 FBXO5 -2.50       

17104484 KIF4A -2.50       

17020787 MB21D1 -2.52       

16845794 KIF18B -2.53       

16877019 RRM2 -2.53       

16673557 C1orf112 -2.54       
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16663958 KIF2C -2.54       

16784299 CDKN3 -2.56       

16760621 CDCA3 -2.56       

16714998 DNA2 -2.57       

17067332 ESCO2 -2.58       

16692580 HIST2H3PS2 -2.62       

16799426 BUB1B -2.62       

16927052 CDC45 -2.62       

16995938 C5orf34 -2.64       

16817647 KIF22 -2.64       

16793190 WDHD1 -2.65       

16945101 MCM2 -2.65       

16766318 PRIM1 -2.65       

16802204 ZWILCH -2.66       

16982024 CENPU -2.66       

16937505 FANCD2 -2.67       

17016496 HIST1H2AK -2.68       

16787430 CALM1 -2.70       

16834381 TUBG1 -2.71       

16688386 DEPDC1 -2.71       

16996545 DEPDC1B -2.73       

16685165 CLSPN -2.74       

16889251 SGOL2 -2.75       

16779546 DIAPH3 -2.77       

16979389 MAD2L1 -2.77       

16840902 AURKB -2.79       

16707695 HELLS -2.80       
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16985599 CCNB1 -2.80       

16847432 BRIP1 -2.82       

17096205 ZNF367 -2.82       

17038792 KIFC1 -2.82       

16698023 UBE2T -2.84       

16913957 MYBL2 -2.84       

16830173 FAM64A -2.88       

17087716 SMC2 -2.89       

16663514 CDC20 -2.89       

16807605 OIP5 -2.91       

16849379 TK1 -2.93       

17064939 NCAPG2 -2.93       

16705159 CDK1 -2.98       

17105401 CENPI -2.99       

16972616 NEIL3 -3.00       

16982635 TRIP13 -3.00       

16815905 RMI2 -3.00       

16903090 MCM6 -3.02       

16692636 HIST2H2AB -3.04       

16686796 STIL -3.07       

16991859 HMMR -3.08       

16751709 ESPL1 -3.11       

16697695 KIF14 -3.14       

16911212 MCM8 -3.14       

16679411 EXO1 -3.16       

16813342 PRC1 -3.17       

16725735 FEN1 -3.18       
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17080595 DSCC1 -3.21       

17000439 CDC25C -3.21       

17047965 DBF4 -3.25       

16799637 RAD51 -3.27       

16694617 IQGAP3 -3.27       

17016363 HIST1H3B -3.29       

16826160 SHCBP1 -3.30       

16988703 LMNB1 -3.33       

16938296 SGOL1-AS1 -3.38       

16804559 FANCI -3.41       

16842673 SPAG5 -3.46       

16702685 SUV39H2 -3.46       

16817017 PLK1 -3.46       

17067102 CDCA2 -3.46       

16800355 WDR76 -3.47       

16707221 KIF20B -3.47       

16662648 CDCA8 -3.50       

16698984 NEK2 -3.52       

16868838 SPC24 -3.59       

16798801 ARHGAP11B -3.60       

16677425 CENPF -3.65       

16912379 TPX2 -3.68       

16792519 POLE2 -3.70       

16979515 CCNA2 -3.74       

17016366 HIST1H2AB -3.75       

16673154 NUF2 -3.75       

17005589 HIST1H2AE -3.76       
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16882975 NCAPH -3.77       

16702571 MCM10 -3.80       

16957170 KIAA1524 -3.81       

16777278 SKA3 -3.85       

16747014 RAD51AP1 -3.86       

16793225 DLGAP5 -3.88       

16677201 DTL -3.91       

16719515 MKI67 -3.95       

17010552 TTK -3.95       

16951485 SGOL1 -3.98       

16834056 CDC6 -3.98       

16991460 KIF4B -3.99       

16869588 ASF1B -4.02       

16844312 TOP2A -4.09       

16852312 SKA1 -4.18       

17079293 CCNE2 -4.21       

16799598 CASC5 -4.22       

16978568 CENPE -4.33       

16809748 MNS1 -4.35       

16707551 CEP55 -4.43       

16799793 NUSAP1 -4.45       

16904780 SPC25 -4.47       

16971573 MND1 -4.48       

16697544 ASPM -4.50       

17084904 MELK -4.54       

16850517 NDC80 -4.56       

16912192 GINS1 -4.59       
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16798919 ARHGAP11A -4.69       

16970563 PLK4 -4.70       

16901755 BUB1 -4.71       

16828886 GINS2 -4.73       

17045198 ANLN -4.75       

16901957 CKAP2L -4.75       

16801557 CCNB2 -4.87       

16939960 KIF15 -4.89       

16707468 KIF11 -4.89       

16965346 NCAPG -4.99       

17005858 HIST1H2AI -5.00       

16989636 KIF20A -5.21       

16670387 HIST2H3A -5.27       

17016369 HIST1H2BB -5.64       

16802519 KIF23 -5.68       

17075776 PBK -5.82       

17005865 HIST1H2BM -6.49       

17016486 HIST1H2BL -6.63       

16725041 FAM111B -7.41       

17016499 HIST1H1B -7.66       

*TICAE cells were analyzed at the indicated time points after irradiation with a single X-ray dose of 2 Gy. Fold changes are 

shown compared to sham irradiation, as described in Materials and Methods (n = 3).  
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Supplementary table 2. Differentially expressed genes TICAE cells irradiated with a single X-ray dose of 0.5 Gy.* 

Day 1 Day 7 Day 14 

0.5 Gy vs. 0 Gy 0.5 Gy vs. 0 Gy 0.5 Gy vs. 0 Gy 

Probeset 

ID 

Gene  

symbol 

Fold 

change 

Probeset 

ID 

Gene 

symbol 

Fold 

change 

Probeset 

ID 

Gene 

symbol 

Fold 

change 
17042857 AC091729.8 2.17 16760257 VWF -1.60 16997676 MTRNR2L2 1.89 

16974115 
 

2.15 16787362 RN7SKP255 2.27 16862604 CD79A 1.78 

16988913 RNU6ATAC10P 1.98    16782050 MGC40069 2.11 

17073066 RNA5SP278 1.95    16787362 RN7SKP255 2.24 

16744154 RP11-25I9.2 1.95       

17074080 
 

1.93       

17072723 RNU1-106P 1.82       

16905115 
 

1.79       

17005167 RNU6-190P 1.76       

16681370 ENO1 1.76       

16831787 
 

1.75       

16897446 RNU6-439P 1.71       

16660309 RP3-340N1.2 1.66       

16956613 
 

1.63       

16892863 AC112715.2 1.63       

16997676 MTRNR2L2 1.62       

16753853 MDM2 1.58       

16966685 SPATA18 1.58       

17056072 SKAP2 1.55       

16828833 
 

1.55       
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16991839 CCNG1 1.54       

16696425 TNFSF4 1.52       

16991164 MYOZ3 -1.50       

16829153 SNAI3 -1.50       

16815090 CCNF -1.50       

16692724 ANP32E -1.50       

16687418 NDC1 -1.50       

16927052 CDC45 -1.51       

16669389 PHGDH -1.51       

17009794 BEND6 -1.53       

16847432 BRIP1 -1.53       

16821869 CDT1 -1.53       

16911212 MCM8 -1.54       

16767851 E2F7 -1.54       

16850477 TYMS -1.55       

16910501 DTYMK -1.55       

16992096 SPDL1 -1.55       

16663958 KIF2C -1.56       

16838359 BIRC5 -1.56       

16909700 HJURP -1.57       

16667206 CCDC18 -1.57       

16698023 UBE2T -1.58       

16779546 DIAPH3 -1.58       

17067332 ESCO2 -1.58       

16775324 BORA -1.58       

16745236 H2AFX -1.58       
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16747287 NCAPD2 -1.59       

16810543 KIAA0101 -1.59       

17068782 MCM4 -1.59       

17096205 ZNF367 -1.60       

16707468 KIF11 -1.60       

16857258 UHRF1 -1.60       

16858714 RNASEH2A -1.60       

16799426 BUB1B -1.61       

16804559 FANCI -1.61       

16913681 FAM83D -1.61       

16667037 CDC7 -1.62       

16858386 LDLR -1.63       

17068385 GINS4 -1.63       

16679411 EXO1 -1.64       

16972616 NEIL3 -1.64       

17005865 HIST1H2BM -1.65       

16750761 TROAP -1.65       

16802204 ZWILCH -1.66       

17038792 KIFC1 -1.66       

17012632 ENPP1 -1.66       

16948021 ECT2 -1.66       

16985614 CENPH -1.67       

17064285 TMEM176B -1.68       

16705159 CDK1 -1.68       

16688386 DEPDC1 -1.68       

16951485 SGOL1 -1.69       

16725041 FAM111B -1.69       
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16736891 KIF18A -1.69       

17016366 HIST1H2AB -1.70       

16869588 ASF1B -1.70       

16739479 LRRN4CL -1.71       

16964000 TACC3 -1.71       

17105401 CENPI -1.71       

16995938 C5orf34 -1.71       

17086167 CEP78 -1.72       

16834056 CDC6 -1.74       

16845794 KIF18B -1.74       

17064939 NCAPG2 -1.74       

16957951 POLQ -1.76       

16662648 CDCA8 -1.76       

16784299 CDKN3 -1.76       

16760621 CDCA3 -1.77       

16817647 KIF22 -1.77       

16673154 NUF2 -1.78       

17067102 CDCA2 -1.78       

16982635 TRIP13 -1.78       

16828886 GINS2 -1.79       

16912192 GINS1 -1.79       

16798919 ARHGAP11A -1.80       

16988703 LMNB1 -1.80       

16686796 STIL -1.80       

16889251 SGOL2 -1.81       

16813342 PRC1 -1.81       

16840902 AURKB -1.82       
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17084904 MELK -1.83       

16694617 IQGAP3 -1.84       

16807605 OIP5 -1.84       

16836492 PRR11 -1.85       

16931225 RIBC2 -1.85       

16690067 SASS6 -1.85       

16771067 CIT -1.86       

16826160 SHCBP1 -1.86       

16760048 FOXM1 -1.87       

17087716 SMC2 -1.88       

16677201 DTL -1.90       

17104484 KIF4A -1.90       

16985599 CCNB1 -1.90       

16931384 GTSE1 -1.90       

16957170 KIAA1524 -1.90       

16937505 FANCD2 -1.92       

16912379 TPX2 -1.93       

16979515 CCNA2 -1.93       

16979389 MAD2L1 -1.94       

17012379 CENPW -2.00       

16913957 MYBL2 -2.01       

16978568 CENPE -2.03       

16751709 ESPL1 -2.05       

16965346 NCAPG -2.05       

16904780 SPC25 -2.07       

17010552 TTK -2.09       

16777278 SKA3 -2.09       
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16668079 GPSM2 -2.09       

16830173 FAM64A -2.11       

16707221 KIF20B -2.11       

16849379 TK1 -2.11       

16719515 MKI67 -2.12       

16842673 SPAG5 -2.13       

16663514 CDC20 -2.14       

16991859 HMMR -2.18       

16882975 NCAPH -2.18       

16799598 CASC5 -2.21       

16799793 NUSAP1 -2.21       

16868838 SPC24 -2.22       

16850517 NDC80 -2.23       

16697695 KIF14 -2.26       

16901957 CKAP2L -2.26       

16801557 CCNB2 -2.26       

16809748 MNS1 -2.27       

16939960 KIF15 -2.28       

16802519 KIF23 -2.29       

16793225 DLGAP5 -2.29       

17000439 CDC25C -2.30       

17075776 PBK -2.32       

16698984 NEK2 -2.34       

17049700 MIR4653 -2.34       

16817017 PLK1 -2.37       

17045198 ANLN -2.42       

16875763 UBE2S -2.42       
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16677425 CENPF -2.43       

16697544 ASPM -2.49       

16844312 TOP2A -2.50       

16707551 CEP55 -2.54       

16901755 BUB1 -2.69       

16971573 MND1 -2.83       

16989636 KIF20A -3.14       

16991460 KIF4B -3.38       

*TICAE cells were analyzed at the indicated time points after irradiation with a single X-ray dose of 0.5 Gy. Fold changes are 

shown compared to sham irradiation, as described in Materials and Methods (n = 3).  
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Supplementary table 3. Differentially expressed genes in TICAE cells irradiated with a single X-ray dose of 0.05 and 0.1 

Gy.* 

Day 14 Day 7 

0.1 Gy vs. 0 Gy 0.05 Gy vs. 0 Gy 

Probeset ID Gene symbol Fold change Probeset ID Gene symbol Fold change 

16997676 MTRNR2L2 2.02 16862604 CD79A 1.84 

*TICAE cells were analyzed at the indicated time points after irradiation with a single X-ray dose of 0.1 and 0.05 Gy. Fold 

changes are shown compared to sham irradiation, as described in Materials and Methods (n = 3). 
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Annex 3. Online supplementary data related to Results Chapter 2: “Differential 

impact of single-dose Fe ion and X-ray irradiation on endothelial cell 

transcriptomic and proteomic responses” by Baselet B, et al. 

Supplemental data 1. Transcriptomic comparison of irradiated and sham-

irradiated Est-2 immortalized human coronary artery endothelial cells at day 1 

and day 7 after a single dose of either 2 Gy X-rays or Fe ions. Raw data with 

accession number E-MTAB-5754 are available online at 

http://www.ebi.ac.uk/arrayexpress (username: Reviewer_E-MTAB-5754, 

password: h11qoecd). 

Supplemental data 2. Gene ontology enrichment analysis of irradiated and sham-

irradiated Est-2 immortalized human coronary artery endothelial at day 1 and day 

7 after a single dose of either 2 Gy X-rays or Fe ions. Raw data with accession 

number E-MTAB-5754 are available online at http://www.ebi.ac.uk/arrayexpress 

(username: Reviewer_E-MTAB-5754, password: h11qoecd). 

Supplemental data 3. Proteomic comparison of irradiated and sham-irradiated 

Est-2 immortalized human coronary artery endothelial cells at day 1 and day 7 

after a single dose of either 2 Gy X-rays or Fe ions. Raw data with the identifier 

“DOI:10.20348/STOREDB/1086” are available online at http://www.storedb.org. 

Supplemental data 4. Proteomic canonical pathway analysis of irradiated and 

sham-irradiated Est-2 immortalized human coronary artery endothelial cells at 

day 1 and day 7 after a single dose of either 2 Gy X-rays or Fe ions. Raw data with 

the identifier “DOI:10.20348/STOREDB/1086” are available online at 

http://www.storedb.org. 

Supplemental data 5. Proteomic molecular function analysis of irradiated and 

sham-irradiated Est-2 immortalized human coronary artery endothelial cells at 

day 1 and day 7 after a single dose of either 2 Gy X-rays or Fe ions. Raw data with 

the identifier “DOI:10.20348/STOREDB/1086” are available online at 

http://www.storedb.or 
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